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Pbofessoii Harold Albert Wilson, M.A. D.Sc. F.R.S. M.R.I. 

The Electrical Properties of Flame. 

If a flame is brought near to an insulated conductor charged with 
electricity, the charge disiippears. This is explained by supposing 
that the gases in the flame are partially dissociated into ions. A 
neutral molecule splits up into two ions, one having a negative charge 
and the other a positive charge. The conductor, if positively charged, 
attracts the negative ions out c)f tlie flame, and their charges when 
they reach it neutralise its charge. 

If a plate of an insulator, such as ebonite, is placed between the 
flame and the charged conductor, the ions are still attracted through 
the plate ; bnf elien they rciich it they cannot get through, and so 
remain on its surface. The side of the plate turned towards the flame 
thus gets a charge of opposite sign to that on tbe ‘onductor. This 
shows that the disiipj)earance of the charge in the first c^ise was due 
to an opposite charge attracU*d out of the flame, and not to the charge 
on the conductor escaping into the flame. 

We have a stream of gas rising from the flame, and the ions go up 
in the stream. The ions of opposite sign attract one another, and 
when two come together iheir charges are neutralised and the two 
ions are sjiid to have disappeared by recombination. Thus, as we go 
up in the stream of gas from the flame the number of ions diminishes. 
If the stream of gas is allowed to pass up a long tube containing 
along its axis a series of charged electrodes, then the bottom electrode 
will be discharged first, and then the next one, and so on. The ions 
are used up in discharging the electrodes, so that the electrodes are 
disc’harged in order, lieginning with the lowest one. When the lower 
electrodes have been discharged, the upper ones Ixjgin to be discharged, 
but more slowly, because many of the ions disappear by recombination 
before they get far up the tulie. Another effect also comes in ; as 
the gases cool dowui the ions do not move so freely through them, and 
so are not so easily attracted by the electrodes. This makes the rate 
of discharge of the uiiper electrodes still slower. 

Thus, as we go down towards the flame the number of ions and 
their mobility rapidly increases, and right inside the flame the number 
is so large that the flame behaves like a good conductor of electricity. 

If the terminals of an induction coil are connected to two Bunsen 
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hurners, sparks Ciui be passed from the tip of one flame to the tip of 
the other. The temperature of the flame is about 2000*^ (\, so that 
the density of the ^iis(‘s in it is about one-seveJith of their density at 
the ordinary temperature. The potential diff(‘reiice re(|uired to send 
a spark throujjli the flame is about tlie same as that required to send a 
sjKirk through an equal length of air at one seventh of ordinary 
atmospheric ])ressure. It appears therefore that the ions do not make 
it easier tor a spark to pass. This is du(‘ to the fact that the current 
in the spark is greater than tlie ions can (jarry, so that the potential 
difference lias to be enough to produce more ions, and so is the same 
in the flame as in unionised air at the siuue density. 

To study the conductivity of flame, it is convenient to use a row 
of small Bunsen flames pla(‘ed so that they touch (“ach other. I use 
a row of fifty flame'^ liurning from (juartz tulies 1 cm. apart. This 
gives a dame oO cm. long, and about lo cm. high. The fjuartz 
tubes insulate very well, so that a current can 1 k‘ passed along the 
dame liorizoiitally from one end to the other. 

If two ])arallel platinum electrodes immei'sed in the dame are con- 
nected to a galvanometer and battel}, it is found that a measurable 
current is obtained. The relation between the current (/) and the 
difference of potential (V) between the electrodes is given liy the 
e(juation V = A/- + Ih/i where A and 1^ aie constants and i/ deiiotc's 
the distance between the electrodes. If d is small, say out* or two 
millimetres, the term \^di is negligible (except when i is veiy small), 
and we get V = In this case the current is almost independent 

of the distance between the electrodes. 

The reason for this jieculiar relation between tlic current and 
|>ot(‘ntial difference becomes apparent when the variation of the 
potential along the dame from one elt'ctrodc to the oilier is examined. 
An electrometer is comieeted to two platinum wires, which are 
immersed in the flame and can be Tno\ed along horizontally between 
the eloctnxles. Each wire takes iij) the potential of the dame at the 
point wheretlie wire is situated, so the dedection of the el(*ctrometer 
indicates the differcnci* of })oteiitiaI between the two points where the 
wires are put in. Suppose one wdre is allowed to touch the positive 
electrode and the other is gradually moved along the dame from the 
positive to the negative electrode. It is found that in the space 
between the electrodes there is a small uniform ])otential gradient, but 
near each electrode there is a comparatively sud<len drop in the 
potential. The droj) near the negative electrode is much larger than 
the drop near the jiositive electrode. Thus, nearly all the electro- 
motive force of the battery is used up close to the negative electrode. 
This shows that nearly all the resistance offered by the fiame to the 
passage of the current is close to the negative electrode. The positive 
ions in the flaiBe move towards the negative electrode and the nega- 
tive ions towards the positive electrode, in fact the current is carried 
through the flame by these two streams of ions. Hence, close to the 
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nesfative electrode the current must be carried entirely by positive 
ions moving towards it, and at the positive electrode the current must 
be entirely carried by negative ions. We find that the resistance 
near the negative electrode is much greater than near the positive 
electrode, so that we conclude that the negative ions carry the Current 
more easily than the positive ions. With a given electric force, the 
negative ions move very much faster than the positive ions. It has 
been shown experimentally that the velocity of the negative ions is 
about 10,000 cm. per sec. for one volt per cm., while that of the posi- 
tive ions is about 100 times smaller than this. 

In the flame away from the electrodes the electric force is found 
to be proportional to the current, so that here the flame obeys Ohm’s 
law like a metallic conductor. Its conductivity is about 10" times less 
than that of copper. In the ecpiation V = H- the term Bdi 
is the part of the E.M.F. used up between the electrodes, so it is 
proportional to the current and to the distance. Professor Sir J. J. 
Thomson has shown theoretically that the drop of potential near the 
electrodes should be proportional to the square of the current, as is 
found experimentally to be the case. 

The conductivity of a Bunsen flame may be compared with the 
conductivpy 'j! liquids, such as water. In pure water some of the 
molecules are dissociated into ions and the water is a conductor, 
although only a poor one. But if a salt like sodium chloride is 
dissolved in tne water the salt dissociates into ions almost completely, 
and the conductivity is greatly increased. Suppose we hold a bead of 
salt on a platinum wire in a flame, then the s.ilt volatilises and the 
flame is filled with its \apour, and, just as with the water, the conduc- 
tivity is enormously increased. 

With the long flame and an electrode at each end, we can try the 
effect on the current of putting salt in different parts of the flame 
between the electrodes. In this way it is easy to show that the current 
is practically unchanged, unless the salt vapour is put in close to the 
negative electrode, but in that case it produces a very great increase 
in the current. This confirms the conclusion that nearh all the 
resistance to the passage of the current is situated close to the negative 
electrode. When the salt is put in anywhere it dirainishe:! the resist- 
ance there to a small fraction of its value, but it is only close to the 
negative electrode that the diminution in the total resistance is 
appreciable. If we measure the potential difference between two points 
in the flame away from the electrodes, and then put salt vapour in the 
flame between them, we find that the P.l). drops to a small fraction 
of its value although the current is the same as before. This shows 
clearly that the salt vapour greatly increases the conductivity where- 
ever it is put in. 

If some salt is put on the negative electrode, the sudden drop in 
potential there almost disappears, and we get » nearly uniform poten- 
•tial gradient from one electrode to the other, so that now the resist- 



4 


LIBRARY OF SCIENCE 


ance is nearly uniformly distributed along the flame. If now salt 
vapour is put in anywhere between the electrodes the current is 
increased. If, for example, we fill half the length of the flame with 
salt vapour, we nearly double the current. 

When salt is put on one electrode, the flame can be used as a 
rectifier for an alternating current, for when the salted electrode is 
negative the resistance of the flame is much smaller than when it is 
positive. 

I have measured the conductivities of a number of alkali salt 
vapours in a current of air flowing along a platinum tube heated in 
a gas furnace. An electrode was fixed along the axis of the tube, 
and the current from it through the salt vapour to the surrounding 
tube was measured with a galvanometer. It was found that at tem- 
peratures above 1400° C., and with electro-motive forces of about 
1000 volts, the current was proportional to the amount of salt passing 
through the tube, and for different salts in equal quantities inversely 
proportional to the electrochemical equivalent of the salt. This shows 
that the quantity of electricity per molecule of salt is the same for all 
salts. It was also found that the quantity of electricity carried per 
molecule was equal to that carried per molecule when a solution of salt 
in water is electrolysed. It appears therefore that the laws of electro- 
lysis discovered by Faraday for liquids apply also to salts in the state 
of vapour. 

When a molecule of salt like sodium chloride dissociates into two 
ions in water, the sodium atom forms the positive ion and the chlorine 
atom the negative ion, and when a current is passed through the 
solution the sodium is attracted to the negative electrode and the 
chlorine goes to the positive electrode. We might expect the same 
thing to happen when a current is passed through the salt vapour in 
a flame. If we put two wires in the flame, and put some sodium salt 
on on^ and then connect them to an induction coil, and pass a dis- 
charge from the salted one to the other, we find that the yellow sodium 
vapour appears at it when it is the negative pole hut not when it is 
positive. This shows that in the flame the positive ions of the salt 
vapour contain the metal just as they do in solutions. The negative 
ions, however, do not appear to be the same in flames as in solutions. 
In flames the very high velocity of the negative ions indicates that 
they are the electrons whose properties have been investirated in 
vacuum tubes by Sir William Crookes and Sir Joseph Thomson. 
The positive ion, then, is an atom or molecule, while the negative ion 
is an electron, the mass of which is several thousand times smaller. 
This is the explanation of the fact that the negative ions move 100 
times more quickly than the positive ions. 

[H.A.W.] 
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Sir William Crookes, D.Sc. P'.K.S., Honorary Secretary and 
Vice-President, in the Chair. 

Professor H. L. Callendar, M.A. LL.D. F.R.S. 

Osmotic Phenomena and their Modern Physical Interpretation. 

Osmotic pressure is a phenomenon of such importance in the theory 
of solutions, and in the interpretation of all vital processes, and so 
much valuable work has recently been directed to its elucidation, 
that, although it is a somewhat thorny and difficult subject, no 
apology is needed for any serious attempt, however inadequate, at its 
explanation. , 

One of the earliest recorded experiments on osmotic pressure is 
that of the Abbe Nollet, who found that a bladder containing alcohol, 
when immersed in water, absorbed water so greedily as in many cases 
to burst the bladder. The experiment illustrates in an imperfect 
manner the fundamental property of all animal and vegetable mem- 
branes of allowing some substances to pass through them by osmosis 
more easily than otliers. In many cases such membranes, while freely 
permeable to water, are practically impermeable to certain substances 
in solution, and play the part of sieves in directing and controlling 
diffusion. It will readily be understood that results of the greatest 
importance to biology have been obtained by studying this property 
of semipermeability, as it is called, but the application of natural 
membranes to the physical stildy of the subject is necessarily limited 
on account of the difficulty of obtaining sufficiently large and perfect 
membranes capable of withstanding any considerable pressure. 

Artificial membranes of sufficient fineness to be impermeable to 
such substances as sugar in solution, were first prepired by Traube by 
means of precipitated pellicles of substances like copper-ferrocyanide. 
The first quantitative measurements of osmotic pressures of consider- 
able magnitude were made by Pfeffer with membranes of this kind 
deposited in the pores of earthenware pots fitted with suitable mano- 
meters for indicating the pressure developed. Pfeffer found that 
when a semipermeable vessel, filled with sugar solution, was immersed 
in water, the membrane being freely permeable to water, but not to 
the dissolved sugar, the solution absorbed water through the mem- 
brane by osmosis until the internal pressure reached a certain magni- 
tude sufficient to balance the tendency to absorption. The osmotic 
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pressure developed in the state of equilibrium was found to be 
proportional to the strength of the solution, and to increase with rise 
of temperature at the same rate ii& the pressure of a gas at constant 
volume. A few years later van ’tHofif, reviewing these experiments 
in the light of thermodynamics, showed that the osmotic pressure of 
a dilute solution should be the same as the pressure exerted by a 
number of molecules of gas equal to those of the dissolved substance 
in a space equal to the volume of the solution, that it sliould be the 
same for all solutions of equal molecular strength, and that osmotic 
pressure followed the well-known laws of gas-pressure in all respects. 
The most important generalisation was hailed as the first step to a 
complete kinetic theory of solution, and the osmotic ])ressure itself 
has general 1\ been regarded as due to the l)ombardment of the sides 
of the semipermeable membrane by the pjirticles of solute, as though 
they \\ere able to move freely through th(‘ solution with velocities 
comparable to those of the molecules of a gas. Such a view ^^ouId 
not now be seriously maintained, })ut the ftiscinating simplicity of the 
gas-pressure analogy has frequently led to the attempt to express 
everything in terms of the osmotic pressure, regarded simply, but 
inaccurately, as obeying the gaseous laws, and has done much to 
divert attention from other aspects of the ];henomena. which, in reality, 
are more importmt and have the advantage of being more easily 
studied. It was very ^oon discu\ered that the gaseous laws for 
osmotic pressure must be restricted to very dilute solutions, and that 
the form of the laws was merely a consequence of the state of extreme 
dilution, and did not necessarily involve any physical identity between 
osmotic pressure and gas-pressure. Many diffenuit lines of argument 
might be cited to illustrate this point, but it will b(‘ sufficient to take 
some of the more recent experimental measurements osmotic 
pressure by the direct method of the semipermeable rneinbranc. 

Morse and Frazer'iii 19 or> succeeded in preparing ferrucyanide 
membranes impermeable to sugar, and capable of withstanding 
pressures of more than 20 atmospheres. The\ operated by Pfeifer’s 
original method, allowing water to diffuse into the solution in a 
porous pot until the maximum pressure was developed. There are 
many serious experimental and manipulative difficulties which the 
authors carefully considered and discussed in ajiplying this method, 
but they succeeded in obtaining very consistent results. As a first 
deduction from their investigations they (;onsidered that they had 
established the relation that the osmotic pressure of cane-sugar was 
the same as that exerted by the same number of molecules of gas at 
the same temperature in the volume occupied by the solvent, and not 
in the volume occupied by the solution. In other words, the osmotic 
pressure of a strong solution was greater than that given % van ’t 
Hoff’s formula for a dilute solution in proportion as the vdlume of 
the whole solution exceeded the volume of the solvent contjained in 
it. It was a very natural extension of the gas-pressure anulogy to 
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deduct the volume occupied by the sugar molecules themselves iu 
order to arrive at the space in which they were free to move. 
Unfortunately the later and more accurate series of measurements by 
the same experimentalists at 0®C. and 5° C., gave nearly the same 
osmotic pressures as at 24° C., and would appear to show, either that 
there is little or no increase of osmotic pressure with temperature, 
and that the pressures at 0°C. are much greater than those given by 
their extension of the gas-pressure analogy, or that one or other of 
the series of experiments are in error. 

About the same time Lord Berkeley and B. J. Hartley undertook 
a series of measurements of the osmotic pressures of solutions of 
various kinds of sngar at 0° C. by a greatly improved experimental 
method, which permitted the range of pressure to be extended to 
upwards of 100 atmospheres. Instead of allowing the solvent to 
difPuse into the solution until the equilibrium pressure was reached, 
they applied pressure to the solution until balance was attained. 
The method of Lord Berkeley and Hartley possesses several obvious 
advjintages, and it is impossible to study the original memoir without 
being convinced that they have really measured the actual equilibrium 
pressures wifh*..' order of certainty not previously attained or even 
approached. The pressures found were in all cases greatly in excess 
of those calculated from the gas-pressure of the sugar molecules in 
the volume occupied by the solution (according to van ’t HoflTs 
formula for dilute solutions), or even in the restricted volume 
occupied by the solvent (according to Morse and Frazer’s assumption). 

Lord Berkeley endeavoured to represent these deviations on the 
gas-pressure analogy by employing a formula of the van der Waals 
type, with three disposable constants. Out of some fifty formul® 
tested, the two most successful were those given in Table I. The 
constants A, and b were calculated to fit the three highest observa- 
tions for each solution. Values calculated by the formul® for the 
lower points were then coiiqiared with the observations at these 
points, with the results given in Table I. for cane-sugar. It is at 
once evident that, even \vitli three constants, the gas-pressure analogy 
does not represent the results satisfactorily within the limits of error 
of experiment. Moreover, with three constants the equation cannot 
be interpreted, so that the gas-pressure analogy becomes useless as 
a working hypothesis, or as a guide to further research. On the 
vapour-pressure theory, to be next explained, the results are much 
better represented, as shown in column C, with but a single constant, 
and that a positive integer with a simple physical meaning. 

Yapouh-Phessure Theory. 

On the vapour-pressure theory, osmotic e milibrium depends on 
equality of vapour-pressure and not on an imaginary pressure which 
the narticles of the dissolved sul^tance would exert if they were in 
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Table I. — Osmotic Pressures of Oane-sugab Solutions. 
Osmotic Pressures Calculated by various formulse. 


Van ’t Hoff 

, 

Morse and Frazer. 

Lord B. (1). 

Lord B. (2). 

C. 

Do. Obsveired. 
Lord B. 

36-6 

63*2 

68*4 

67-7 

67-6 

67*5 

27*6 

37-4 

46*0 

43-4 

43-7 

44*0 

19-7 

24-4 

27*7 

26*4 

26*8 

26*8 

11-2 

13*3 

14*6 

12-2 

14*1 

14*0 


Lord Berkeley’s equations — 

(A/v - P + ajv^) (v ~ 5) = RT . . . (1) 

(A/v + P - a/v^) {v - = . . . (2) 

the state of gas at the same volume and temj>erature. The vapour- 
pressure of any substance is a definite physical property of the 
substance which is always the same under the same conditions of 
pressure and temperature and state, and is ejisily measured in most 
cases for liquids and solutions. Equality of vapour-pressure is one of 
the most general, as well as the simplest, of all conditions of physical 
equilibrium. Ice and water can only exist together without change 
under atmospheric pressure at the freezing-point 0°(^.,at which their 
vapour- pressures are the same. Below the freezing-point the vapour- 
pressure of water i?. greater than that of ke. Either is capable of 
stable existence separately within certain limits, but if-^he two are 
put in communication, the vapour, being mobile, passes over from 
the water at higher pressure to the ice at lower pressure until equality 
of vapour-pressure is restored by change of temperature, or until the 
whole <rf the water is converted into ice. 

In the case of ice and water, equality of vapour-pressure can also 
be restored by a suitable increase of pressure. This is the well-known 
phenomenon of the lowering of the freezing-point by pressure. By 
considering the equilibrium of water and vapour in a capillary tul)e, 
Lord Kelvin showed that the vapour-pressure of water, or any other 
liquid, was increased by pressure according to a very simple law, the 
ratio of the increase of vapour-pressure, dp, to the increase of 
pressure, d P, on the liquid being simply equal to the ratio of the 
densities of the vapour and liquid, or inversely as the specific volumes, 
i/.and V. This relation, which may be written V^/P =*v dp, is 
merely a special case of Carnot’s principle, and was deduced by 
assuming the inqpossibility of prpetual motion. Assuming & similar 
relation to apply to ice, Poynting showed that when a mixtiire of ice 
and water was subjected to pressure, the vapour-pressure of the ice 
must be increased more than that of the water (since the specific 
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volume of ice is greater than that of water). Consequently, some of 
the ice must pass over into water, and the temperature must fall until 
the vapour-pressures are again equal. The lowering of the freezing- 
point by pressure, as observed by Lord Kelvin, and calculated by 
James Thomson, agrees precisely with that deduced as above from 
the condition of equality of vapour-pressure. 

Similar con8ideratw)ns apply to the equilibrium between a solution 
and the pure solvent, or between sfilutions of different strengths. 
To take a simple case, the vapour-pressure p" of a sugar solution is 
always less than the vapour-pressure p' of water at the same 
temperabure, and the ratio p*' /p* of the vapour-pressures depends 
simply on the concentration of the solution, diminishing regularly 
with increfise of concentration and being independent of the 
temperature. If septirate vessels containing solution and water are 
placed in comminiication at the same temperature by a tube through 
which the vaj)our has free passage, vapour will immediately pass over 
from the water to the solution in consequence of the pressure 
difference, and will condense in the solution. The immedinte effect 
is to produce equality of vapour-pressure by change of tem})erature. 
This takes only a few seconds. The vaj>our-pres8ure then remains 
practically ni« throughout. As diffusion proceeds and the 
temi)erature is slowly ecpialised, the water will gradually distil over 
into the solution, but the process of diffusion is so infinitely slow 
compared witli the equalising of vapour-pressure that the final 
attainment of equilibrium would tiike years unless the solution were 
continually stirred. 

The reason why e(|ualitv of vapour-pressure is so im}>ortant as a 
condition of pliysical equilibrium is that the vapour is so mobile and 
so energetic as a carrier of energy in the form of latent hejit. 
Th(‘ first effect is generally a change of temperature, but if the 
temperature is ke])t constant there must then be a change of 
concentration. Thus if two parts of the same solution are maintained 
at different constant temperatures, the concentrations will diauge so 
as to restore equality of vapour-pressure, if possible. Thus in a cube 
of solution, the two ends of which arc maintained at different 
temperatures, the dissolved substance wdll appear to move towards 
the hotter end. What really happens is that the vapour, which is 
the mobile constituent, moves tow’ards the colder end. If the tube 
is horizon till, with a free space above the liquid for the vapour, this 
transference will be effected with extreme rapidity. In fact, it will be 
practically impossible to establish an appreciable difference of 
temperature until the transfer is effected. If the vapour has to 
diffuse through the solution in a vertical column heated at the top, 
the process is greatly retarded, but the final effect is the same, and 
can be readily calculated from the relation between the vapour- 
pressure and the concentration. 

In explaining the production of osmotic pressure as a necessary 
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consequence of the laws of vapour-pressure, there is one difficulty 
which, though seldom expressed, has undoubtedly served very greatly 
to retard process. How can an insignificant diflFerence of vapour- 
pressure, which may not amount to so much as one-thousandth part 
of an atmosphere in the case of a strong sugar solution at 0° C., be 
regarded as the cause of an osmotic pressure exceeding 100 atmo- 
spneres, or 100,000 times as great as itself ? The answer is that the 
equilibrium does not depend at all on the absolute magnitude of the 
vapour-pressure, but only on the work done for a given ratio of 
expansion, which is the same in the limit for a gramme-molecule of 
any vapour at the same temperature, however small the vapour- 
pressure. Indirectly the smallness of the vapour-pressure may have 
a great effect in retarding the attainment of equilibrium, especially if 
otetructive influences, such as other vapours or liquids, are present. 
Thus mercury at ordinary temperatures in the open air is regarded as 
practically non-volatile. Its vapour-pressure is less than a millionth 
of an atmosphere, and cannot be directly measured, though it may 
easily be calculated. When, however, we take mercury in a perfect 
vacuum, such as that of a Dewar vessel, the presence of the vapour 
is readily manifested by its rapid condensation on the application of 
liquid air in the form of a fine metallic mirror of frozen mercury. 
The least trace of air or other gas in the vacuum will retard the 
condensation excessively. 

Under the conditions of an osmotic-pressure experiment we have 
solvent and solution in practical contact, separated only by a thin 
porous membrane. It will facilitate our conception of the conditions 
of equilibrium if we imagine the membrane to be a continuous 
partition pierced by a large number of very fine holes, of the order 
of a millionth of an inch in diameter. If the holes are 3bt wetted by 
the solution or the water, the liquid cannot get through unless the 
pressure on it exceeds 100 atmospheres, but the vapour has free 
passage. If the solvent and solution are under the same hydro- 
static pressure, the vapour-pressure of the solvent will be the greater, 
and the vapour will pass over into the solution. Since the surfaces 
are practically in contact, no appreciable difference of temperature 
can be maintained. If the solution is confined in a rigid envelope, 
so that its volume cannot increase, the capillary surfaces of the 
solution will rapidly bulge out as the vapour condenses on them, 
and the pressure on the solution will increase until condensation 
finally ceases, when the vapour-pressure of the solution is raised to 
equality with that of the pure solvent. The osmotic pressure is 
simply the mechanical pressure-difference which must be applied to 
the solution in order to increase its vapour-pressure to equality with 
that of the pure solvent. If any pressure in excess of thii value is 
applied to the solution, the vapour will pass in the opposite direction, 
and solvent will be forced out of solution. The osmotic work re- 
quired to force a gramme-molecule of the solvent out of the solu- 



LIBRARY OF SCIENCE 


1 1 

tion is the product of the osmotic pressure P by the change of 
volume U of the solution per gramme-molecule of solvent abstracted. 
In the state of e’quilibrium of vapour-pressure, this osmotic work P U 
must he equal to the work which the vapour could do by expanding 
from the vapour-pressui’e p' of the pure solvent to the vapour- 
pressure p’ of the solution. Neglecting minor corrections, we thus 
obtain the approximate relation — 

P U = Rtf log 

From this point of view the osmotic pressure of a solution is not 
a specific property of the solution in the same sense as the vapour- 
pressure, or the density, or the concentration, but is merely the 
mechanical pressure required under certain special conditions to 
produce equilibrium of vapour-pressure when neither the temperature 
nor the concentration are allowed to vary. One might with almost 
equal propriety speak of the “ osmotic temperature ” of a solution, 
meaning by that phrase the difference of temperature required to 
make the vapour-pressure of the solution equal to that of the pure 
solvent. The observation of the elevation of the boiling-point of a 
solution aV'^f - that of the pure solvent is a familiar instance of a 
special case of such a temperature difference. It is just as much a 
specific property of the solution as the osmotic pressure,' and would 
only require a perfectly non-conducting membrane for its production. 
No one would regard the rise of boiling-point as being the 
fundamental property of a solution in terms of which its other 
properties should be expressed. By similar reasoning osmotic pres- 
sure should not be regarded as existing per se in the solution, and as 
being the cause of the relative lowering of vapour-pressure and other 
phenomena. This point of view does not detract in any way from 
the reality and physical importance of the effects of osmotic pressure 
when it comes into play, but it puts the phenomena in their true 
light as consequences of the law of vapour-pressure. 

Regarded as a verification of the laws of vapour-pres8urv% direct 
measurements of the osmotic pressure are of the highest value, but 
there are comparatively few cases known at present in which such 
direct measurements are possible. In other cases, the osmotic 
pressure, if it exists, can always be calculated from a knowledge of 
the vapour-pressure. For the elucidation of osmotic phenomena and 
many other problems in the theory of solutions, we are compelled to 
make a systematic study of the relations of vapour-pressure. Much 
has been done in this direction in the paet, but, owing to the 
difficulty of the measurements, much remains yet to do. I may, 
therefore, be pardoned if I allude briefly to some of the methods 

* Obtained by integrating JJ dT = vdp. Pla' 'k, Thermodynamik, also 
Zeit. Pbya. Chem., xli. 212, 1902, and xlu. 584, 1903. 
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which I have employed for this purpose, and some of the conclusions 
at which I have so far arrived. 

It is often a difficult matter, when the difference of vapour- 
pressure between a solution and the solvent is small, to measure the 
pressure difference directly to a sufficient decree of accuracy. A 
method very commonly empl<wed, which has l)cen brought to a high 
degree of accuracy by Lord Berkeley and his assistants, depends on 
the observation of the losses of weight of two vessels, containing 
solution and solvent respectively, when the same volume of air is 
aspirated slowly through them in succession. To secure accurate 
results, the air must pass very slowly. One complete observation 
takes about a week to perform successfully, and involves many 
difficult manipulations. 1 have endea\ourea to avoid this difficulty 
by measuring the tempei-ature difference in place of the pressure 
difference, since the temperature difference remains nearly constant, 
while the pressure difference tends to diminish in geometrical pro- 
gression with fall of temperature. The method adopted for this 
purpose is that indicated in the diagram of the ^^lpour-Tempe^ature 
mlance. The temperatures of solution and solvent, contained in 
separate vessels communicating through a tap, are adjusted, until, on 
opening communication between them, there is no flow^ of vapour 
from one to the other, as indioited by a change in the reading of a 
pair of thermo-junctions immersed in the solvent respectively. I'he 
corresponding difference of temperature is observed, and since the 
vapour-pressures of the solvent are known, it is easy to calculate the 
required ratio or difference of the vapour-pressures of solvent and 
solution at the sama temperature. When the vapour-pressures are 
very small, it may be difficult to observe the change of teinnei*ature 
on opening the tap, unless the apparatus is very carefully exnausted. 
A more delicate method in this case is to observe the direction and 
magnitude of the current of vapour from solution to solvent, or vice 
versd, by means of the “Vapour-Current Indiciitor,” illustrated in the 
companion diagram. This (x^nsists of a deliaitely suspendwl vane, 
the deflections of which are read by a mirror, and will readily 
indicate a difference of pressure less than the thousandth part of a 
millionth of an atmosphere. 

The vapour-current indicator is so construi^ted that its deflections 
are very accurately proportional to the pressure difference, much more 
so in fact than any form of electric galvanometer. It can also be 
employed for direct measurements of small differenc'cs of vapour- 
pressure. The chief difficulty in this case is to ensure the absence of 
air or other disturbing factors. A method of avoiding this difficulty 
is to work at atmospheric pressure, and to measure the pressure 
difference between two vertical columns of air saturated with the 
vapours of the solvent and solution respectively.* The temperature 

* I first showed this ^roeriment ton v ears ago, in illubtration of the delicacy 
of the apparatus, at a Fri^y Evening Lecture at the Royal Institution. 
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difference may be adjusted to balance, and is preferably measured by 
means of a pair of differential platinum thermometers, which permits 
a higher order of accuracy to be attained than the thermo-electric 
method. 


Vapour-Pressurk in relation to Molecular 
Constitution. 

The well-known law of Raoiilt, according to which the relative 
lowering of vapour-pressure of a solution is equal to the ratio of the 
number of molecules n of the solute to the number of molecules of 
solvent N in the solution, has thrown a great deal of light on the 
molecular state of the dissolved substance in dilute solutions, but fails 
notably in many cases when applied to strong solutions. In the case 
of homogeneous mixtures of two indifferent volatile substances, such 
as benzol (C<jHg) and ethylene chloride which mix in all 

proportions 'without mutual action, a slightly different but equally 
simple law is known to hold very accurately throughout the whole 
range of concentration from 0 to 100 per cent. The vapour- 
pressure of each ingredient is simply proportional to its molecular 
concentration. In other words, the ratio of the pirtial vapour-pressure 
p' of either constituent at any concentration to its vapour-pressure 
p^ in the pure state at the same temperature is equal to the ratio of 
the number of its molecules n' in the solution to the whole number 
of molecules n' + n" of both substances in the solution. Such is 
evidently the form of the simple mixture law. For substances which 
form compounds in the solution, or whose molecules are associated or 
dissociated, this simple law is widely departed from. In a recent 
paper, “ On Vapour- Pressure and Osmotic Pressure 0 , Strong 
Solutions ” (Proc. R.S.A., vol. Ixxx. p. 466, 190H), I have endeavoured 
to extend this simple relation to more complicated cases by making 
the obvious assumption that, if compound molecules are formed, 
they should be counted as single molecules of a separate sul)stance in 
considering their effect on the vapour-pressure. With this proviso 
the vapour-pressures of strong solutions are well represented by a 
natural extension of the simple mixture law, and it becomes possible 
to investigate the nature of the compounds formed in any case. To 
take a simple instance, suppose that each of the n molecules of the 
dissolved substance combines with a molecules of the solvent, the 
total number of molecules of the solvent being N. The ratio of the 
vapour pressure p" of the solvent in the solution to the vap^)ur- 
pressure p* of the pure solvent at the same . jmperature will then be 
the same as the ratio of the number N-ar of molecules of free 
solvent in the solution to the whole number of molecules N - - 1 - n 

in the solution, each compound molecule being counted as a single 
molecule. 
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With the simple formula — 

y/p" = (N - an + ») / (N - an) 

the values of the vapour-pressure are very easily calculated from the 
molecular concentration n for simple integral values of the hydration 
factor a. The osmotic pressures are also readily deduced from the 
ratio of the vapour-pressures {p* Ip") by the formula 

PU = RT log i^p' I p")- 

The value a = 5 fits the osmotic pressures for cane-sugar very well, 
as shown in the column headed C in Table 1. The value a ~= 2 fits 
Lord Berkeley’s observations on dextrose equally well up to pressures 
of 130 atmospheres. The same value a = 5 for cane-sugar also fits 
the observations on the depression of the freezing-point and the rise 
of the boiling-point, as it necessarily must, since these phenomena 
also depend on the vapour-pressure. The freezing-point method is 
the easiest for getting the ratio of the vapour-pressures to com- 
pare with the formula. At the freezing-point of an aqueous solu- 
tion, the vapour-pressure of the solution must be the same as that 
of ice, provided that ice separates on freezing in the pure state. 
The ratio of the vapour-pressure of ice to that of water at any 
temperature below O'* C. is easily calculated. All the best recorded 
results, except those of a few associating substances, give simple 
positive integral values of a. Even in the case of associating sub- 
stances, like Formic Acid and Acetone, the curves are of the same 
type, but the value of a is negative. Dissociating substances, like 
strong electrolytes, present greater difficulties, on account of the 
ionisation factor. But allowing for the uncertainty of the ionisation 
data, they seem to follow satisfactorily the same law of vapour- 
pressure. 

It appears from the form of the proposed law that the hydration 
factor a makes very little difference to the vapour-pressure in weak 
solutions, which follow Baoult’s law as a limiting case, but it makes 
a very great difference in strong solutions, when nearly all the free 
water is used up, and the denominator N — is small. Thus the 
depression of the freezing-point of a strong solution of calcium 
chloride is more than five times as great as that calculated from the 
number of ions present in the solution. Each ion appears to appro- 
priate no less than 9 molecules of water. The factor /z = 9 gives a 
very good approximation to the freezine-point curve, as far as the 
uncertainty of the data permit. When N = an, the vapour-pressure 
would be reduced to zero, according to the formula, but the formula 
ceases to apply when the vapour-pressure of the compound molecules 
themselves D^mes equal to that of the solution. At or before this 
point the molecules will dissociate with the formation of lower 
hydrates. Many analogous phenomena are already known, and a 



LIBRARY OF SCIENCE 1 5 

more complete study of the vapour-pressures of strong solutions may 
be expected to throw additional light on the subject. 

The essential point of the theory here sketched is that the 
equilibrium existing in a solution is one between definite chemical 
compounds and the solvent, giving rise to a simple vapour-pressure 
relation by means of which the phenomena may be studied and 
elucidated. There is a great deal of work to be done before such a 
theory can be regarded as established, but in the mean time it may 
serve very well as a working hypothesis for correlating experimental 
results, and suggesting new lines of investigation. Regarded in this 
light, the vapour-pressure theory may serve a useful purpose, and 
judging by the experimental data at present available, I think I may 
fairly claim to have made out a good prima-facie case for the theory. 

[H. L. C.] 

Note. — The vapour-current-indicator is a development of the old 
smoke-jack. A light spiral vane with a mirror attached is susi)ended 
in a tube which nearly tits it by means of a quartz fibre. Joule 
(Proc. Phil. *^oc., Manchester, vii. 80 ) employed a wire spiral sus- 
pended by a h\k libre for indicating air currents, but does not seem 
to have adapted it for pnrj)oses of exact measurement. The instru- 
ment shown in the lecture gave a deflection of (500 mm. at 
I metre) for a velocity of air current -01 cm. /see. The sensitiveness 
might easily have lieen increased, but the above amply suffices for 
most purposes. 



Friday, March 19, 1909. 

George Mattiiey, Esq., F.R.S. F.C.S., Manager, 
in the Chair. 

Richard THRELFAiiL, Esq., M.A. F.R.S. Assoc.Inst.C.E. F.C.S. 

Ei^fperimmits at High Temperatures and Pressures. 

Within a few miles of this lecture room there is an unexplored 
region — to approiu'h it we should have to move vertically downwards. 
It has been suggested l)y Mr. Parsons * that it would be worth while 
to make a short expedition in this direction, but the journey would 
be slow and the cost high- for instance, to bore a hole 12 miles de€*p 
was estimated to be a lal)our which would occupy eighty-five years 
and cost 5,000.000/. A well-to-do man desiring to Ixmefit his fellow 
creatures could not do bettor than undertake this project, but till he 
comes forward we must perforce Ixj content to try to imitate in our 
laboratories the temperature and pressure conditions which would be 
met with deep down in the earth. 

Information, attainable from experiments un<ler these condi- 
tions, is essential to the development of any exact concept of the 
structure and evolution of the earth. One of the most important 
questions in connection with the study of bodies under high pressures 
and at various temperatures is, as to whether any jMirticular body is 
solid or liquid under spicified conditions, and, if Rolid,-«whether it is 
amorphous, glassy or crystalline. That pressun^ would influence the 
melting point of solyls was clearly put forward by Clapeyron in 
but it was not till after the establishment of the mechanical theory of 
heat in the ** forties ” of the last century that the exact mirnericjil rela- 
tions could be established, as was done by Prof. James Thomson in 
1851, when he calculated for the first time the amount by wliieh the 
temperature of fusion of ice would be reduced by a given increase of 
pressure. The ideas underlying such calculations are Iwisi'd on a con- 
sideration of th(‘ way in which heat is converted into mochanu^l work 
in any prime mover depending on a heat-supply, and were first formu- 
lated by Carnot in 1824, liefore the true nature of heat was under- 
stood. As the matter is fully dealt with in every text-l>ook, I will 
merely remind you that Prof. James Thomson was able to obtain an 
equation lietween the mechanical work actually produced un(|er stated 
conditions and the work which, according to Carnot’s principle, must 
be developed by a reversible engine operating between fixed tempera- 
ture limits upon a given amount of heat. 


* B. A. Reports, Cambridge, 1904, 672. 
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The general relation for a substance undergoing a change of state 
at absolute temperature T, such change involving a change of volume 
A V and an absorption or emission of heat at constant pressure Q p, 
is, reserving the question of sign — 

flgT _ AyT 

dv % 

or in words, the change of melting-point produced by unit change of 
pressure equals the product of the absolute temperature, and the 
ratio of the change of volume of unit mass on melting to the quan- 
tity of heat absori)ed or emitted by unit mass in the process. 

Now the greater number of substances when they pass from the 
liquid to the solid state evolve heat and contract in volume. An 
increase of volume is of course a positive quantity, and if heat is 
absorbed during this increase it is reckonea positive also. In the 
case of water, heat is evolved during freezing as in other cases, but 
the mixture of ice and water has a smaller volume than the solid ice. 
Accordingly the change of volume in this ciise is negative, and the 
melting-ppint falls as the pressure rises. 

The’ fii’fiii fairly exact confirmation of the theory appears to be 
due to l)e Visser,* who selected acetic acid most carefully purified as 
a test substance— though valuable experiments up to much higher 
pressures had been previously made by many others— particularly 
by Dewar on water,! Ferche on benzol,! and Damien§ on a variety of 
substances. 

It is necessary to work with a pure substance in order to test the 
theory, or at all events with one whose solid phase has the same 
constitution as its li(]uid phase. If the acetic acid had not been 
pure the probability is that the frozen i)art would have contained 
more or less of the impurity than the unfrozen, and consequently 
a state of affairs not contemplated in the theory would have arisen. 
From the experimental point of view it is obvious that a sharp 
melting point is a necessary condition for its accurate observation. 

A quantity of acetic acid — rather over 40 c.c. — is confined by 
mercury in a closed apparatus l>ased on a previous design by Bunsen, 
which also contains air in a graduated tube. When the acetic acid 
melts it expands and compresses the air through the intermediary 
of the mercury — whereby the pressure can be inferred. The part of 
the apparatus containing the acetic acid is immersed in a bath which 
can be kept at any desired temperature. As the melting progresses 
'i pressure is set up by the expansion, and finally attains such a value 
that no further melting can take place. We then have a mixture 


* Kecueil dea Travaux Ohimiques dos Taya-V^as, xiii. 1893, 101. 
t Froc. R. S., XXX. 1880, 533. X Wied. Ann., xliv. 1^1, 265. 

§ C. R., cxii. 1891, 785. 
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of solid and liquid acetic acid in presence of each other under a 
measured pressure and at a known temperature. The quantities 
entering into jbhe calculation are ascertained from other experiments — 
notably the ratio of the change of volume to heat al^orbed was 
ingeniously ascertained by a modification of Bunsen’s ice calorimeter. 
The final result was that the rate of variation of temperature of 
melting-point with increasing pressure was calculated to be 0 • 02421* C. 
per atmosphere as against 0 • 02435* C. found by experiment — a differ- 
ence of 0*57 per cent. I have dwelt on this work at some length 
in the hope that it may make the nature of the problem clear. It 
is to be noted that the experimental difficulties are considerable, and 
are enhanced by the fact that we have no d prwrh reason to suppose 
that the rate of change of melting-point with pressure is a constant 
quantity independent of the pressure. In fact it was shown by Sir 
Joseph Thomson about, 1886* that in calculating the change of 
melting-point we ought to take into consideration “ the difference 
between the energy due to strains produced by the pressure in unit 
mass before and after solidification.” Sir Joseph Thomson’s reason- 
ing, based as it is on a generalised Lagrangian method of treating 
problems involving energy changes, is unsuited for discussion in a 
non-mathematical address, but it is easy to see that if the compressi- 
bilities of liquid and solid are different, then the change of volume 
accompanying the change of state of unit mass must itself depend on 
the pressure, and therefore the pressure change of melting-point 
which is proportional to the change of volume must depend on the 
square of the actual pressure so far as this part of the effect is 
concerned. This anticipation wtis realised by Damien in 1891, who 
showed that the melting-points of substances in terms of the pressure 
could be expressed by a formula of the kind 

t = U + a{p - 1) - h{jp - \y 

Iq being m.p. under 1 atmosphere pressure. 

I think we may add that there will also be a small effect depend- 
ing on changes of energy in the capillary layer separating the phases. 

The first adequate investigation of the change of m.p. under 
pressure over a wide range of pressures was made by Barus.t Time 
does not permit me to do more than exhibit the results obtained, 
though the apparatus employed was most cleverly designed. It 
requires great experimental knowledge and ingenuity to infer with 
accuracy changes of volume of a few per cent, of the original volume 
at pressures of 1500 atmospheres, nearly 10 tons per square inch. If 
we note the pressures and temperatures of melting, and plot the result 
as a curve against the pressure and temperature, we obtain What is 

* AppUcatioiiB of Dynamics to PhyaicB and Chemistry, 259. 

t Bulletin No. 96 of the U.S.A. Geological Survey, 1892. 
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called a melting-point curve, and this divides the field into two parts, 
BO that on one side of the curve the temperature and pressure at each 
point have such values that the substance is solid, while on the 
other side their values are such that the substance is liquid. It is 
instructive, therefore, to regard the melting-point curve as the line 
separating the region of solid from the region of liquid. Along the 
line, and along it only, i.e. at the pressures and temperatures indi- 
cated by points on the line, the solid and liquid phases can exist in 
equilibrium together. Sueh a diagram is called a “ Diagram of Con- 
dition.” 



Fig. 1. 


Full linos indicate party field actually explored. 

Dotted linos indicate extrapolations. 

By far the greater part of our information as to the quantita- 
tive relations of bodies at high pressures we owe to Prof. Gustave 
Tammann, who has collected his results in a book entitled “ Kristal- 
lisieren und Schinelzen,” whose advent (190:i) must l>e regarded as 
an ira{)ortant event in the history of the subject. 

The complete thermodynamic specification of a body involves a 
knowledge of its mass, volume, pressure, temperature, energy, entropy, 
surface tension, and nature — wnether liquid, solid, glassy, crystalline 
or amorphous. 

Prof. Tammann has simultaneously measured the pressure, tem- 
perature, volume and mass of many substances under high pressure, 
and at temperatures extending from 80” to 200” C. — taking cognizance 
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of the physical state — and has thus been able to plot out many inter- 
esting diagrams of condition. The apparatus consists of a screw 
press by which a piston of ebonite is driven down a steel cylinder of 
small toown cross-section. The cylinder is filled with oil, and the 
ebonite piston fits practically oil-tight. The oil communicates with 
the oil contained in a strong steel vessel, which also incloses a glass 
tube open at the lower end, containing the substance and dipping 
below the level of mercury contained in a dish. The oil occupies 
the rest of the space. The steel vessel is placed in a thennostat so 
that its temperature can l)e ascertained. Tlie oil pressure is measured 
by a Bourdon gauge which it was possible to st^indardise, thanks to 
the previous work of Amagat and Tait. In order to construct a 
diagram of condition it is necessary and sufficient to find a number 
of points separating the liquid from the solid area — or separating the 
areas corresponding to different crystalline forms in the case where 
the transformation of one sort of crystal into another is under 
investigation. To understand how this is done, it is best to take a 
special case. If we have a quantity of a substance under a known 
pressure and temperature in the piezometer and suddenly increase 
the pressure, so that there is not time for heiit to pass in or out to 
any appreciable extent before the pressure gauge can be read, we 
have practically adiabatic compression. If the apparatus be then 
left to itself, the heat which we may suppose to be liberated by the 
pressure will slowly diffuse outwards, and the pressure will fall as 
time goes on. If we happen to start from a point on the m.p. curve 
before the pressure is raised — then the final result will be that we 
shall thaw or freeze more or less of the material, and the original 
pressure will l)e exactly regained, the change of state compensating 
the impressed change of volume. If, however, the increase*bf pressure 
has been so great that a change of state of tht‘ whole mass has been 
brought about, then the after variation of pressure will be so much 
greater that it is easy to distinguish this case from the previous one. 

The accompanying diagram (p. 546), taken from Prof. Tammann’s 
book, shows how the equilibrium curve can he located in the case of 
carbon dioxide and naphthalene. In the former case the temperature 
was 0*31®C. The pressure was 3800 kilograms per sq. cm., or 
24*13 tons per sq. inch. (157*49 kilograms per sq. cm. 1 ton 


per sq. inch = 152*38 atmospheres.) 

The pressure was raised adiabatically to 4400 kg./cin.^ (27*93 
tons/sq. inch) and the subsequent fall of pressure plotted against a 
time scale for ten minutes. The pressure was then adiabatically reduced 
to 3550 kg./cm.'-^ and the recovery curve again plotted. The equi- 
librium pressure must lie between the pressures approached asymp- 
totically on the diagram, i.e. betipait^^g25 and 3792 kg./cn|.^. A 
repetition between narrower finqigTl^bles the pressur^ to be 

fixed at between 3808 and^^Mg./cmA ^ .O^ilar procedure fixed 
the pressure of the napntl^ene betw^^ 3090 and 3080 


naphtl^ene bet^^^ Si 


^ <v 

. * 
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kg ./cm. at the temperature considered— a difference which corre- 
sponds to 0 • 2° C., the actual ten^rature possibly diflFering from the 
thermostat temperature by 0 * 1° C. 

We may now pass on to the consideration of some of the results 
obtained, which refer not only to change of melting-points, but to 
changes in the temperatures of transformation of isomorphic forms. 



As illustrations of such changes, I show liere the transformation 
of yellow to red mercuric iodide, which shows well in the projection 
microscope ; also Mitscherlich’s transformation of potassium bichro- 
mate, and sulphur in two forms.* 


* Experimental Demonbtration of a Traiisformatton of Sulphur , — A micro- 
bcope Hlido IS prepared by partially melting a fragment of monoclinic sulphur, 
and inclosing some of the melt between the slide and cover -slip, well pressed 
together. The presence of unmelted monoclinic sulphur insures the crystal- 
lisation of this variety on lowering the temperature. By means of a hot 
stage it is possible to preserve the crystallisation long enough to exhibit it by 
means of a projection polarising microscope. The appearance is very charao- 
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The case of sulphur is one of great interest. It has long been 
known that sulphur can exist in at least three solid forms. It crys- 
tallises from some solvents in octahedral crystals, from others or 
from its liquid state in monoclinic crystals. In the latter case some 
amorphous sulphur is generally dissolved in the crystals, and the 
amorphous variety itself is formed in tough vitreous masses when 
molten sulphur heated till it becomes very viscous is poured into cold 
water. At ordinary temperatures the octahedral form alone is stable. 
It has been found that at atmospheric pressure octahedral sulphur is 
converted into monoclinic at 95 ■ 4° C. and in the process * 7 gramme- 
calories per gramme of sulphur are evolved. The density of octahe- 
dral sulphur is about 2 * 03 and of monoclinic about 1 * 98 at ordinary 
temperature. In accordance with the principles developed previously 
the transformation temperature of rhombic to monoclinic sulphur 
must rise with increase of pressure. So far back as 1887 Roozeboom* 
was able to predict that the diagnim of condition for sulphur would 
be as shown on the next page. 

Prof. Tammann has supplied the corroboration of the existence of 
the triple point. 

Suppose that we have sulphur at a pressure of about 1500 kg./sq. 
cm. (9-52 tons/sq. inch) and raise its temperature to al) 0 ut 160® C. 
or more, we shall cut the melting-point curve of octahedral sulphur, 
and the sulphur will melt. If we then allow the sulphur to cool, 
keeping the pressure up, octahedral sulphur will crystallise from the 
melt instead of monoclinic sulphur. Tnis very likely has some bear- 
ing on the occurrence of native crystals of octahedral sulphur. 

It is not every substance which has such sharply defined proper- 
ties as sulphur, though -even these are not as sharp as they might be, 
owing to the constant presence of amorphous sulphur. AH instructive 
case IS afforded by phenol. As the diagram shows, there is a consider- 
able region of the field in which two kinds of crystals of different 
density can exist together, the curves forming the boundary of this 
region of pseudo-equilibrium. 

It may be that the two crystalline forms of carbon which ap- 


teristio. Another slide is prepared, but this time all the sulphur ia melted, 
and can generally be undercooled so far that it crystallises in what is believed 
to be the octahedral system. This slide is then placed in the projection 
microscope, when it is seen that its appearance is to^ly different from that of 
the first slide. The preparation is then heated on the hot stage, and when 
the transformation temperature is reached it is seen that the structure begins 
to change — the crystallisation breaks up and becomes granular, the granules 
showing in general much more colour than the original crystaUisatioo. These 
granules are taken to be monoclinic sulphur. The temperature is n^w raised 
till about half the preparation has melted, and it is then allowed to (tool back 
a little so as to cryshsllise. The crystals now show the characterise mono 
clinic crystallisation with brilliant colours, since unmelted monoolini^ sulphur 
is present. 

* Beo. Trav. Ghim. Pays-Bas, vi. 1887, 814. 
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parently can exist togetlier indefinitely at ordinary temperatures and 
pressures are an illustration of the same property. 

As a final illustration we may note t^e results for water down to 
- 80* C., from which it appears that it possesses three allotropic 
crystalline forms with at least&two melting-points. 



Fia. 3 


The melting-curves of from thirty to forty Mibstances have been 
investigated, mainly by Tamiuanii, up to alx)ut 3000 kg/sq.cm. 
= 10 *05 tons/sq. incli, and the general result hiis been to show that 
there is a tendency for the mte of change of melting temperature with 
pressure to fall off as tlu‘ temperature rises, and also that many sub- 
stances, which at ordinary jn’essures crystallise in one form only, can 
be caused to assume allotropic modifications under high pressure. 
This tendency to form allotropic modifications appears to bt' associaticd 
with the extent to which a substance can l)e under-cooled \^ithout 
crystallising. 
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A question of the greatest interest and importance may now be 
formulated — what will happen if we go on increasing the pressure ? 


Phenol. 
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Will a state of aflFairs be reached in which it is no longer possible to 
distinguish between the liquid and its crystalline form ? Will there 
be, in fact, a sort of critical point at which the melting-curve will end ? 
At present we can only say that no indications of such an occurrence 
have been observed experimentally, and Prof. Tammann takes the 
point that it is highly improbable that anything in the nature of con- 
tinuous transformation can take place, because a crystal has different 
properties in different directions related to its axes, and there is thus 
a much greater qualitative difference between crystals and licjuids than 
between liquids and gases, both of which are isotropic. I must admit 
that this argument does not appeal to me very strongly. If it be 
possible to compress a substance till it reaches a sttite in which, at one 
and the same temperature, the liquid has the same density as the 
crystals, presumably the mean distance of the molecules will be the 
same in both cases. I see nothing monstrous in the view that under 
these circumstances crystallisation may set in gradually, and that it 
may not be possible to say exactly when the liquid ceases to l)e a fluid 
and becomes a crystalline solid. There are no theoretical or other 
grounds for supposing that the phenomena of crystal growth as 
observed when there is a change of volume accompanying the crystal 
formation, will necessarily hold when no such change of volume occurs. 

If we refer to the theory of the change of m.p. by pressure 
it is obvious that if either the change of volume or the latent heat 
of melting vanish at any temperature or pressure on the melting- 
curve, then in the neighbourhood of this pressure the curve must 
degenerate to a point — or small pressure changes will not affect the 
m.p. It was pointed out, however, that there is a term or terms 
depending on the square of the pressure, and if these were relatively 
important the only thing we should notice would be a change of 
curvature at the point under consideration. It does not follow that 
there is no maximum ot minimum to the melting temperature of any 
particular substance because the term in P‘^ may lie vanishingly 
small : it may be (and generally is) of opposite sign to the term in P, 
and in this case it is only a question of the relative importance of 
the terms where the maximum or minimum melting-])oint lies. 
Damien’s empirical formula expresses precisely the effect to which I 
refer. The practical result which is of importance in questions 
affecting the condition of the inner layers of the earth is that we are 
not entitled — in fact, it is wrong— to suppose that pressure must 
necessarily go on raising the melting-point indefinitely ; everything 
depends on the substance under consideration. It is therefore 
necessary to make such experiments as those of Tammann at vastly 
higher temperatures and pressures than those we have been consider- 
ing, up to probably over 10,000 kilograms per sq. cm. (or 63 -0 tons 
per sq. inch). * 

In 1893 some experiments were described by Parsons * in which 


* Phil. Mag. zxxvi. 304. 
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carbon rods were heated by electricity under a pressure usually 
of 16 tons per sq, inch — but rising in one case to 30 tons per sq. 
inch. The pressure was obtained by means of a hydraulic press, but 
no detail is given. 

I have been desirous for many years of making some experiments 
at high temperatures and pressures, but for a long time could think 
of no way of ascertaining the pressure at temperatures over a red 
heat except by the use of compressed gases. In 1902 Sir Andrew 
Noble was kind enough to have some drawings prepared for a wire- 
wound steel pressure vessel to carry a pressure of 50 tons per sq. 
inch. The pressure was to be supplied by a compressed gas, and 
some details of the heating arrangements were designed, when a 
calculation of the cost of the gas compressors, vessel and appui*ten- 
anees made it clear that the undertaking would b(‘ l)eyond my means. 
I then endeavoured to find a simpler form of appiimtus, and finally 
was led to contemplati‘ tlie substitution of graphite for compressed 
gas, Spring having pointed out that crystalline grapliite flows very 
easily at high pressures. A sim])le trial made it clear that the 
graphite of Ceylon does in bict pos.se8s the property of flowing like 
a liquid under high pressure to a sufficient degree to allow of pressure 
being tran^MutVed by it. Craphite ctiii be used with some reserva- 
tions to transmit a pressure just like water or oil, though it is, of 
course, inferior in fluidity, and as I have now discovered occasions a 
loss of “head” which is not independent of the pressure itself. My 
former statement m the ‘(^hemiciil Society's Journal,’ 190><, is erro- 
neous, though the results of tlie experiments are, I believe, hardly or 
not at all affected by th(* mistake for a reiison which will be clear 
later on. After several trials, the apj.)aratus which I have here 
to-niglit was evolved, and home experiments were made with it. 
These experiments are not of any great importance, and, indeed, 
I feel almost ashamed of bringing them to your notice— I can only 
say in excuse that everything must have a beginning. 

I believe, however, that the apparatus is sutficieiitlv siinph , cheap, 
and effective, to enable others with more leisure at tlieir dis]» 08 al to 
make a beginning of an investigation of the properties of matter up 
to 100 tons j>er sq. inch, and at temperatures up to about 2000'' C. 
At present, however, it is not possible to infer with Jiccuracy the 
volume of the substance under these extreme conditions, nor can its 
physical condition be more than app>roxiniately and indirectly inferred 
— we must (content ourselves with the production of transformations 
which we can make persist down to ordinary temperatures and pres- 
sures. 

If we refer again to the sulphur diagram, we shall see how this 
possibility may arise. If sulphur is melted and cooled slowly mono- 
clinic crystals are found — when the temperature sinks below 98"^ C. 
these crystals undergo spontaneous transformation to the rhombic 
form — but all that we see is that the monoclinic crystals become 



28 


LIBRARY OF SCIENCE 


opaque : the external form of the crystals is still monoclinic, but they 
are merely pseudomorphs of the ori^nal crystals. To obtain large 
octahedral crystals we may suppose that we begin by melting sulphur 
and raising the temperature and pressure till the former stands at 
160° C. or over, and the latter at not less than 1600 l^./cm.^ (10*16 
tons/sq. inch). 

If we then slightly reduce the temperature or raise the pressure, 
we shall luwe the crystallisation of the sulphur in the rhombic form. 
By maintaining the pressure as the mass cools and when it is cold 
releasing the pressure, we should finally extract rhombic crystals. To 
this we may of course add that we need not expect crystals of any size 
unless we cool at the proper rate. It appears that there are at least 
two phenomena requiring attention in relation to the production of 
crystals — one is the relation between the amount of undercooling 
necessary to induce spontaneous crystallisation, and the other is the 
rate at which the crystals will grow when they have once started. 
If we want large crystals, we must not have an excessive number of 
points of spontaneous crystallisation ; nor must we have too high a 
rate of crystal growth, or the crystals will by all experience tend to 
be felted together. The temperature condition giving birth to tlie 
most favourable number of spontaneous centres is not necessarily the 
temperature at which crystals grow to the largest size, so there is really 
no escape from finding* by direct trial the most effective way to go to 
work. 

Another possibility is brought to light by an examination of a case 
of pseudo-equilibrium such as that of phenol. Here we have three 
regions— in one No. 1 alone is stable, in another No. 2, and in the third 
both Nos. 1 and 2 are stable. The case of iodide of silver is similar, 
but more complicated. If in the area C we change the pressure, the 
temperature remaining constant and the material consisting of a mix- 
ture of the two stable phases, we can alter the proportions in which 
these phases exist, but we cannot cause either of them to disappear. 

A notable case of this kind is that of graphite and diamond, both 
perfectly stable in presence of each other at atmospheric pressure up 
to a temperature nearly that of the electric arc, say about ;1000“ C. 
If there be any similarity between the carbon and phenol diagrams, 
diamond would correspond to variety No. 2 of phenol, and grapliite to 
variety No. 1, heat being evolved in l>oth cases wlien the less dense 
modification changes into the denser. If we desire to obtain phenol 2 
from phenol 1, we note that down to a temperature of - 20“ C., we 
should require to keep the pressure alwaj^s alx)ve about COO kg./cm.^ ; 
otherwise the operations would be similar to those described in the 
case of rhombic sulphur. 

Similarly, to convert graphite to diamond on this analogy we 
should have to raise the temperature and pressure together to some 
unknown values and then let the product cool — keeping 4p the 
pressure meanwhile. 
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The apparatus which I have used in making the experiment is 
based on the transmission of pressure by crystalline paraph ite or the 
softer metals. In order to ascertain how much pressure is lost during 
transmission I have arranged an apparatus in which the material to 
be tested is exposed to a known pressure, tending to force it through 
a cylindrical space, identical in figure with the space in which the 
lieating is intended to be carried out. The pressure transmitted is 
transferred by a simple device to a piston with a hard steel point, and 
this is forced by the pressure to penetrate a soft steel plate. In a 
subsequent experiment the same piston is forced by a known pressure 
into the same steel plate, so as to penetrate to the same depth as in 
the main experiment. It is then possible to compare the pressure 
transmitted with the pressure applied. 

Experiments of this kind have been made with lead and with 
graphite as pressure transmitting substances. 

So far as T know, there is no substance other than erraphite 
combining the property of a certain amount of fluidity with the 
capacity to resist high temperatures ; and our hope of studying 
chemistry at really high pressures and temperatures appears at 
present to depend largely upon it. It is tnie that some attempts 
nave been piad*' to use compressed gases, but the apptiratus is vastly 
more complicated, and the experiments themselves become really 
dangerous in view of the immense potential energy possessed by 
gases at pressures of 100 tons per square inch. As illustrating this 
I may mention that 100 tons per square inch is aliout the highest 
instiintaneouR pressure noted by Sir Andrew Noble in his well-known 
experiments on the exploding of cordite in closed vessels. The 
density of nitrogen at 100 tons per square inch is, taking Boyle's law 
as a very rough approximation, 15,240 times its density under 
standard conditions. This works out to rather over 19 — i.e. about 
the same as gold, and the energy stored is of the same order as that 
contained in an equal volume of cordite, though its availability is 
lower. 

The constniction of tlie apparatus I have used can be easily 
followed from the drawings. It consists essentially of a steel cylinder 
divided perpendicular to the longitudinal axis by a thin plate of mica : 
the two halves being clamped tightly together by an insulated ring and 
clamps at top and bottom. Pressure can be applied by an ordinary 
hydraulic lifting jack — the one T have used will lift fifty or sixty 
tons— the bore of the hydraulic cylinder being about inches. In 
order to operate at a high terai>erature it is necessary to line the cylinder 
with some refractory substance, and I have generally used magnesia for 
this purpose, though zircon ia or thoria might be better. Purified 
magnesia is first melted in an electric furnace and then ground in an 
iron mortar till it is very fine. The powder is freed from iron as well 
as possible by a strong magnet, and after being sifted is pressed into 
the cylinder little by little by hydraulic pressure so as to form a solid 
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plug. This is then bored out with a hard steel driU to the required 
diameter. In pressing magnesia I have found that it is not possible to 
thoroughly consolidate the powder in greater thickness than a few 
millimetres, even under a pressure of 50 tons per square inch. In 
fact magnesia is a substance which appears to be almost devoid of 
the fluid properties so marked in graphite — an essential condition for 
its use in the apparatus. I have tried various other linings, ground 
flint, alumina, etc., but they have no advantage over magnesia, and 
are even more difficult to drill out. Alumina prepared from the 
crystalline hydroxide is very easily compressed into cakes, and makes 
a good lining, but it is too fusible for experiments on carbon, and is 



Fig. 8. 


probably more easily reduced. The cylinder having been lined, the 
bottom is filled in with Acheson graphite in electrical communication 
with the base of the apparatus. The substance to be operated upon 
is placed in the narrow part of the bore, and packed in with graphite 
or lead if that is suitable. The pressure is applied by a ram of 
hardened high speed steel, working upon a reservoir of graphite or 
lead contained in the plug closing the cylinder at the top and electri- 
cally connected to the other terminal of the supply. The chief 
uncertainty in regard to the pressure which actually reaches the 
subject of the experiment lies in the possibility of the ram being 
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held to some extent by friction against the sides of the cylindrical 
hole in which it works, and in the consolidation of the graphite— 
with reduced fluidity, before it actually flows. One has to trust either 
to the hardness of the ram or to leave a space round it sufficient to 
allow graphite to escape, when the apparatus follows the lines of 
Amagat’s standard pressure gauge, but the duration of the experi- 
ment is curtailed by the exhaustion of the graphite supply. A 
connection has to be applied for the pressure absorted by the lead or 
graphite in accordance with the results of the preliminary trial. It 
is fair to say that no tendency of the ram to stick has ever been 
noticed -on the contrary, changes of volume brought alK)ut by 
heating have made themselves evident at once on the pressure- 
gauge of the hydraulic press. 

When working with any form of carbon there has been no trouble 
in arranging to heat the body which is being compressed by electrical 
means. It has been found most convenient to adjust the current to 
about the value required by means of a resistance —large compared 
with that of the pressure vessel— the latter being short-circuited 
meanwhile. In making an experiment, the hydraulic press is worked 
till the desired pressure is attained, and then by opening the switch 
the current is thrown on to the apparatus. When the magnesia 
lining begins to melt, the pressure, as shown by the pump gauge, 
is seen to fall, graphite flows into the magnesia tube, and the pump 
is worked so as to compensate for this. Under these conditions the 
pressure is probably transmitted without appreciable loss, as the narrow 
part of the cylinder is now in a fluid bath. After a sufficient time has 
been allowed the switch is closed and the pressure kept up by ptunp- 
ing till the apparatus* is cold. Originally an apparatus with a cylinder 
made in one piece was employed, and in this case there was a con- 
siderable voltage between the graphite entering the apparatus and 
the steel walls of the pressure vessel. After a few seconds of intense 
heating it frequently happened that an explosion took place, due (as 
could be seen by subsequent examination) to filaments of graphite 
being driven through the magnesia and producing short circuits 
against the steel vessel. With the construction above described these 
explosions do not occur, and there is the additional and very real 
advantage that when an experiment is over the appanitiis can be 
opened in the middle and everything exposed to view. 

A large number of experiments were made on different kinds of 
carbon and graphite. The weight of material in the highly heated 
part was generally from 1 to 2 grammes, and the energy supply was 
at a rate of 5 to 10 kilowatts for from three to six seconds. The 
pressure in a successful experiment lay at from 50 to 100 tons per 
square inch throughout. The magnesia lining was usually melted 
for a distance lip to 1 centimetre round the granite. Not^ magnesia 
melts at ordinary pressures at about 2000^ G., but the energy supply 
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is sufficient to render it possible that temperatures of from 3000° to 
4000° C. maj have been reached ; it is possible that about 3000° C. 
was actually attained at the centre of the charge. The results 
obtained were uniform. No matter what form of carbon (excluding 
diamond, which was not tried) was packed originally in the apparatus 
the final product was soft well-crystallised graphite ; which agrees w ith 
some results of similar experiments described by Mr. Parsons,* but 
not with the results claimed by Dr. Ludwig.f 

In several experiments the crystalline mass of graphite was tested 
in regard to its porosity, and this was found to be considerable - a 
remarkable result, having in view the conditions under which it had 
been formed. 

Another point of interest was that where the soft graphite had 
been driven into the Acheson graphite plug at the bottom of the 
apparatus it became extremely hard, so much so that a hard steel file 
made little or no impression upon it. 

The main difference in treatment of this jwirt of the graphite as 
compared with the remainder is that it was cooled muen more 
quickly, thanks to the high heiit conductivity of the Acheson 
graphite plug. The cause of hardening has hitherto not met with 
any satisfactory explanation. 

No appreciable quantity of carbide of magnesia was formed in 
the experiments. The magnesia close to the graphite core contained 
traces of carbides, but as there were always traces of iron left from 
the drilling out process, this may be plausibly accounted for by the 
fonnation of carbide of iron. 

The gniphite was finally systematically searched for microscopic 
diamonds by Staudenmaier’s modification of Brodie’s method of con- 
version of graphite into graphitic acid,t or else by Moissan’s modifica- 
tion of the siune method. § A convenient means of distinguishing 
diamond in fine powder from most or all of the substiinces which are 
not separated by a liquid of density 3*34 at f"C. is to heat the 
powder in a silver spoon to a dull red heat in fused potassium 
hydroxide. Check experiments showed that diamond dust easily 
passing a sieve with 100 threads to the inch would AvithsUmd the 
action of molten caustic potash at a temperature at which the edges 
of the silver spoon began to melt, for five or ten minutes. Crystals 
of alumina or of carborundum are entirely destroyed by this fusion, 
but the diamond particles seemed to have undergone no change. In 
fact the individual fragments could be recognised under the micro- 
scope after passing through the ordeal. 

I am led to consider that my experiments indicate that no whole- 
sale transformation of amorphous carbon or graphite into diamond 

* Proo. R.S., 79. t Zeits. fUr Electi oohemie, 1902, 273. 

I Ber. 1898, xxxi. 1485. § Electric Furnace, 49, translation. 
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can be brought about by temperatures of the order of 2000“C., and 
pressures of more than 50 and less than 100 tons per square inch. 
There is some uncertainty, as already mentioned, in regard to the 
actual pressures operative during the trials. Prof. Tammann has, 
however, obligingly drawn my attention to the fact that the equi- 
librium curve graphite-diamond may nevertheless have been cros^, 
but that no diamond was formed because time for crystallisation was 
not allowed under the conditions of the ex^riment. I confess my 
idea in making the trials was that the amorplious carbon or graphite 
might be forced to melt, and then that the conditions v\ould require 
it to recrystallise as diamond — not, of course, in the form of large 
clear crystals, but rather in the style of bort or black diamond. It 
is, however, true that the pressures used may have pi*e vented any 
melting at all, and that it may have been a question of recTysUillisa- 
tion of graphite, in which case the addition ab initio of diamond 
crystals would, as suggested by Prof. Tammann, have been of advan- 
tage in promoting crystallisation in that form. 

The experiments descriM have only been rendered possible by 
the invention ‘of high speed steel, which keeps its hardness uj) to 
nearly or quite a red heat, and any further advance mainly in the 
direction of the allowance of more time —must w^ait for improvements 
in that n ’erial. It may very well be, however, that the limits of 
temperature wjrliin which crystallisation in diamond form am take 
place, are really very narrow at any pressure— and in this aise it will 
be a matter of very great difficulty to make an apparatus in 
which the conditions could be kept constant for a sufficient length 
of time— and the difficulty would be greater the higher the 
temperature. 

It is noteworthy from this point of view that in Moissan’s artificial 
production of diamond very much lower pressures and temperatures 
were used than those just <le8cril)ed. 1 have shown* that, u-singiron 
as a solvent, it is highly improbable that Moissan atUined a pressure 
of more than 20 tons/sq, inch, and when silver wjis (unployed tne pres- 
sure would be much lower. A similar criticism places the eflFective 
temperature of fonnation of diamond in iron or silver spheroids at 
something of the order of 1500' Corajiaring the experiments of 
Moissan with those descnlxid above, it looks as if Roozeboom’s opinion 
is at present the most probable — viz. that solvents are necessjiry in 
order to depress the crystallisation point of diamond to a temperature 
at which the transformation to graphitic is slow enough for rapid 
cooling to interrupt it. In this case the next step would be to repeat 
the experiments 1 have des<;ril)ed at the highest possible p^ressure in 
the presence of iron, though Mr. Parsonsf has already raladc some 
trials in this direction with negative results. We have, howtiver, many 

* Journ. Chem. Soc., xciii. 1906, 1351. 
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metals which have never been tried in this connection, and one or other 
of them may turn out to have the requisite properties. 

I desire to acknowledge the assistam'e I have received in making 
the experiments described fiom my assistant Mr. 0. H. Beasley, and in 
examining the products from Mr. T. H. Waller. 

[R. T.] 
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Electrical Striations. 

One of the most conspicuous features of the electric discharge through 
gases, when the pressure is within certain limits, is the exceedingly 
well-marked alternations of lierht and darkness whicii occur in the 
positive column. These alternations, which are called striations, are 
so varied and beautiful that since their discovery by Abria in 1S43 
they have attracted the attention of many physicists. Grove, Gassiott, 
Spottiswoode and Moulton, De la Rue and Miillcr, Crookes, Wood, 
Skinner, H. A. Wilson, and Willows, have published important re- 
searches on the conditions under which the striations are produced ; 
on the influence upon them of such things as the nature and pressure 
of the gas, the size of the tube, the current passing through it ; and 
on the distribution of the electric force in the neighlx)urhood of a 
striation. The investigations described in the following paper relate 
for the most part to the last of these questions, and were wade with the 
object of testing a theory of the striations which I gave in my Treat- 
ise on the Conduction of Electricity through Gases. For these experi- 
ments I used tubes fitted with Wehnelt mthodes, i.e. the cathode was 
a strip* of platinum-foil heated to redness, and having on it a spot of 
lime or barium oxide.* 

With these cathodes large currents c^in be sent through the tube, 
and remarkably bright and steady striations obtained at lower pres- 
sures and with smaller potential-differences than with the ordinary 
type of discharge. The pressure has, however, to be low, consider- 
ably less than 1 mm. of mercury, to get the full advant^es from 
these cathodes. The first point to which attention was directed was 
the distribution of electric force along the line of the discharge. In- 
vestigations on this point have already been made by Skiliner and 
H. A. Wilson, but it seemed to me that the steadiness of thestriations 


* My assistant^ Mr. Everett, has found that those cathodes oi|ii be very 
easily made by letting a drop of soalii^-wax fall on the foil, and thdn burning 
away the combustible matter by heating the foil to incandescence,. Sealing- 
wax seems to contain large quantities of some salt of barium. 
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with the Wehnclt cathode made this method of investigation particu- 
larly suited for these investigations. The first method used to mea- 
sure the variations in the electric force along the discharge was to find 
the variation in the difference of potential between two platinum wires 
1 mm. apart as the wires were moved from the cathode to the anode. 
Several devices were used for this purpose : in some the platinum 
wires (surrounded up to about a millimetre from their tips with glass 
rods) were carried on a sort of railroad and moved from cathode to 
anode. The electrodes in the discharge- tube in this ciise were fixed. 
The measurements of the potential-ditfcrences made by this method 
at low pressures gave the very remarkable result that just on the 
cathode side of the bright part of a striation the electric force was 
negative (i.e. that the force on a positive charge was in the direction 
from cathode to anode) ; on crossing over the bright boundary to the 
anode side the electric force at once became positive, and rose to 


Fig.^1 


Fig 



. Bright joji of ^truLori. 


a high value. It soon, however, began to diminish, and went on 
diminishing up to the cathode side of the bright part of the next 
striation on the anode side. The distribution of the electric force in 
the striation is represented in Fig. 1, and the corresponding distribu- 
tion of positive and negative electricity in Fig. 2, the ordinates repre- 
senting the distribution of the electrification both as to magnitude 
and sign. Thus if these measurements of the electric field can be 
relied on we have intense negative electrification at the brighi* head 
of a striation (by head is meant the sale next the cathode), and a weak 
positive electrification through the rest of the field. The transition 
from positive to negative force was very abrupt and well marked, so 
much so indeed that the position of the platinum wires in the stria- 
tion could be ascertained with great accuracy without looking at the 
discharge, by observing the deflexions of the electrometer by which 
the potential-difference between the wires was measured. 
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Many changes were made in the way in which the wires used as 
detectors were arranged ; thus, to prevent any screening of the one 
wire by the other, an apparatus was used in which the two platinum 
wires were brought in from opposite sides of the tube, so that there 
should be no overlapping ; exactly the same results were obtained 
with this apparatus as with the other. 


Again, another arrangement, similar 
to one previously used by Professor 
H. A. Wilson, was tried, in which the 
exploring electrodes were kept fixed, 
and the anode and cathode kept at 
fixed distance apart were, by means 
of a float, moved relatively to the 
exploring electrodes a ft, so that these 
could occupy all positions from the 
anode to the Ciithode. The arrange- 
ment is re’ resented in Fig. The 
exploring electrodes in some of 
the experiments protmdcd about a 
millimetre beyond the ends of the 
glass tubes into which they were 
8eale<l ; in other experiments very 
fine hollow glass tubes were used 
to cover the wires, and the wires 
instead of protruding beyond th(* 
glass sU^pped short at about a milli- 
metre from the end of the tube ; 
this arrangement was adopted with 
the idea of protecting the wires 
against streams of corpuscles coming 
down the tube : these by giving up 
their charges to the wire might cause 
this to acquire potentials different 
from those of the gas at the tips of 
the wire. The results obtained with 
all these modifications were exactly 
the same as those obtiiined with the 
first type of ap^mratus, i.e. there wjis 
always when the pressure of the gas 
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was low a negative electric force just 


in front, i.e. on the cathode side of the bright pirt of a striation ; 
this changed to a large positive force as soon as the bright boundary 
of the striation was passed ; at a short distance from the fr(Jnt of the 


striation this fojee began to diminish and went on diminishing until 
the front of the next striation on the anode side was reachqd. 


Though the indications of all these wire explorers agreed in point- 
ing to the existence of a negative force in front of these Striations, 
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yet I felt that the existence of a negative force could never be proved 
by the use of wire detectors. 

For let us consider what the existence of a negative force implies. 
The electric current is always in the same direction throughout the 
tube, and therefore the average movement of the ions is in the sjime 
direction at all parts of the tui)e ; thus, whenever the electric force is 
negative, there must be ions movirig against the electric force instead 
of with it. Now the validity of the method of the wire electrodcvS 
depends upon the assumption that the ions in the neighbourhood of 
the tip of these electrodes follow tlie lines of force, that if, for exam- 
ple, the tip were at a higher potential than the gas so that the force 
on a jM)sitive ion were away from the tip, negative ions would follow 
the direction of the force acting upon them, and run into the tip and 
lower its potential until it heciinie the same as that of the gas in its 
neighbourhood. But if the ions do not follow the electric force, and 
the existence of a negative fon‘e implies that some of them at any 
rate do not, we have no right to assume that the potential of the wire 
is the same as that of the gas. In some simple cases it is evident 
that it would not be so. Thus suppose the wire were exposed to a 
stream of ca^thode rays, and that there were no positi\'e ions in its 
neighbourhood, then it is evident that the wire would accjuire the 
potential of the cathode from which the rays started and not that of 
the gas around the wire. 

For these reiisons I felt that the existence* of a negative force 
could not be estiiblished by means of wire electrodes, and I adopted 
an entirely different uiethod of measuring the electric for(*e along 
the discharge-tube. The principle of this method is as follows : 
Imagine a very fim* ])ericil of cathode rays, travelling at right angles 
to the line joining the cathode and anode, to pass throiigli the 
discharge-tube. As it crosses the discharge at any place it will be 
acted upon by tlie (dectric force at the point of the discharge, and 
will be deflected by an amoinit proportional to the (‘lectric force. 
The deflexion will be from the cathode of the discharge-tube if the 
force is positive, towards it if the force is negative. If very small 
pencils of (‘athodc rays are used the disturbance of the electric field 
in the discharge-tube due to the negative charge on the rays is cpiite 
insignificant, and there is none of that distortion of the striations 
which, to a greater or less extent, always occur when exploring 
mebil lie electrodes arc used. 

The arnuigemcnt by which this principle is carried out in practice 
is shown in Fig. 2. The cathode and anode are fastened together 
by a piece of glass-rod and fastened to a float, floating on tlie top of 
a mercury column. By raising or lowering the column the anode 
and cathode can be moved up and down the discharge-tube. This 
arrangement is the same as that used with the wire detectors and 
shown in Fig, Jh The wires a h (Fig. 8) were replaced by cathode 
rays generated in the side tube S (Fig. 4) by a small induction-coil : 



40 


LIBRARY OF SCIENCE 


the cathode C is at the end of the tube, the anode is the metal plug 
A connected with the earth ; a very fine hole was bored in this plug 
and through it a pencil of rays passed across the discharge and then 
entered the side tube T. In this tube there was a screen W, covered 
by a phosphorescent substance, in some oases willemite ; in others 
the screen was a zinc sulphide one procured from Mr. Clew. The 
place of impact of the cathode rays against the screen is marked by 
a luminous spot, and by measuring with a cathetometer the deflexion 
of this spot the magnitude and direction of the electric force acting 
on the cathode rays as they imss across the dis(‘harge-tube am be 
determined. Tinfoil was wi-a}>ped round the outside of the discharge- 
tube to neutralize the effect of electric charges on the ghiss walls 
of the tube. The use of cathode rays not only avoids the disturbance 
due to the presence of the wires, l)ut inasmuch as the aithode rays 
are negatively electrified particles it enables us to measure th(‘ effect 


s 

A I 

-9=1 

Fig. 4. 

of the field on such particles, and as it is the corpuscles which airry 
practiailly all the current in the discharge, the method enables us to 
observe in a very direct way the most important factor in the dis- 
charge. 

The method is, however, limited to the case where th(‘ pressure 
in the discharge-tube is low, as it is only at low pressures that the 
cathode rays produce a well-defined spot on the screen. 

Observations made with this method showed unmistakably the 
existence of negative forces in certain parts of the discharge, ami in 
fact the distribution of electric force along the tube as determined 
by this method agreed remarkably well with that determined by the 
method of the exploring wire. When the discharge was striatal it 
wag generally found that where the aitliode rays passed underneajth a 
striation, i.e. on the cathode side of the bright part of the striation, 
theve was a small deflexion of the cathode rays towards the aithode 
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of the discharge-tube, showing that in this part of tlie discharge the 
electric force is negative, while when tlie path of the cathode rays 
passed through the bright part of a striation there was a large 
deflexion of the cathode rays from the cathode of the discharge-tube, 
showing that in this part of the discharge the electric force was 
strongly positive. The change from the small negative deflexion to 
the strong positive one was exceedingly abrupt, so much so that 
when the anode and cathode w^ere moving downwards, owing to the 
sinking of the float supporting them, and one striation after another 
was thus being brought across the path of the cathode rays, the 
phosphorescent spot moved as abruptly as if it had been struck by a 
blow when the bright head of a striation crossed its path. At the 
low pressures at which these observations are made the potential- 
difference between the electrodes when tlie current is large enough 
to produce striations is exceedingly small, often not exceeding GO or 
70 volts. Under these circumstiinccs the negative forces although 
unmistakable are small ; when, however, the current through the 
tube is reduced until the discharge is no longer striated, the potential- 
difference between the electrodes is very much increased, and now 
large negative /orces can be observed in the neiglibourliood of the 
anode. Sometimes the region in which the force is negative extends 
a considerable distance from the anode : in one case 1 observed a 
negative force for two-thirds of the distance from the anode to the 
cathode. 

As the corpuscles in the aithode rays have an exceedingly small 
mass they are able to follow very rapid variations in the electric field ; 
by means of them >ve (‘an observe the gradual establishment of the 
steady state of the discharge and the change in the direction of the 
electric force at oeruiin places from positive to negative. Thus 
suppose the steady curnmt through the tube is small and the 
potential-differ(‘nce is considerable, and that the pencil of cathode 
rays is passing through tlie discharge near the anode, then if we 
watch the behaviour of the phosphorescent spot in the interval 
immediately following the ap])li(jation of the potential-difference to 
the tube, we shall find that when the current first starts through the 
tube the spot is rei^elled from the cathode, showing that at this stiige 
the electric force is positive throughout the tube. This repulsion of 
the cathode rays is however only momentary : the spot jumps back, 
and after a very short interval the spot is attracted towards the 
cathode, showing that the force in this region is now^ negative. 
Thus during this interval the ions in the gas and those clinging to 
the walls of the tube have rearranged themselves in such a way as to 
reverse the force in the field. This momentary deflexion is much 
more perceptible near the anode than some distance away from it ; 
the rearrangement seems to spread from the cathode, and to be 
established so rapidly close to that electrode tliat there is no time to 
observe it, while as we travel away from the cathode the steady state 
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is reached after longer and longer intervals, and there is time to 
observe the initial distribution of the electric field. 

We see that the result of the experiments with the cathode rays 
is to confirm the indications of the wire detector, even when the 
main current is travelling against the electric force. That the wires 
in this case should indicate the potential is very remarkable, and 
must be due I think to the presence in the discharge of slowly 
moving ions in addition to the swiftly moving ones which carry the 
main portion of tlie current, having acquired in other parts of the 
field sufficient impetus to carry them for some distance against an 
opposing electric force. The slowly moving ions would be produced 
by the collisions of the quick ones, and those produced near the tips 
of the wire electrodes would follow the lines of electric force near 
the wire and equalize the potentials between the wire and the gas. 

The great change in the electric force which occurs at the bright 
fronts of the striations sho\^8 that in these regions we have a great 
accumulation of negative electricity, while the distribution of the 
electric force in other parts of the striations and in the dark parts 
between two striations shows that in those regions there is a slight 
excess of positive electricity. The magnitude of the charges in the 
electric force is shown by the following numbers, which indicate the 
electric force in volts per centimetre at different parts of the 
striation. x in the following table is the distance in millimetres 
from the bright head of the striation : x is taken positive when mea- 
sured towards the anode, negative towards the cathode, thus x = -1 
denotes a place 1 millimetre from the bright head of the striation on 
the cathode side. X is the electric force in volts per centimetre at 
The gas was hydrogen at a low pressure. 


X , 

X 

- ’ f) 

- 9 

4- •.") 

+ 67 

4- 1 • 


4- • T) 

4-:^() 

f7 

4-10 

+ 9 

- 10 


The last reading was at a point just in front of a second striation. 

The distance between the bright heads of successive striations was 
9 mm. and the thickness of the dark space 2 mm. 

From the preceding tiible we see that in the space of 1 miti. at 
the head of a striation we have a change in the electric force of 76 
volts per cm. By means of the equation 
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we see that the density of the negative electricity at the head of the 
striation is about J of an electrostatic unit per c.c. The density of 
the positive electricity in the other portions is very much less than 
this. With Wchnelt electrodes there is frequently only a small 
pjotential-diflference between corresponding points in adjacent stria- 
tions : in some cases this difference was only 2 • 7 volts. 

The changes in the electric force are much more abrupt at low 
pressures than at high ones ; though there is always a large increase 
in the force at the bright head of th^e striation. I have not observed 
the existence of the negative forces when the pressure was more than 
a fraction of a millimetre of mercury. 

I have found other cases in which the negative forces are even 
more pronounced than those I have already considered ; perhaps the 
most striking of these is one where the anode and cathode are con- 
nected together and with earth by stout metallic connexions, so that 
the two are at the same potential, and therefore the average negative 
force between them is as great as the average positive force. The 
anode is perforated by a very fine hole, and through this hole a stream 
of Canal rays, i.e. positively electrified particles, passes into the tube : 
this produces wK'^n the pressure is suitable a fully developed discharge, 
with striations, Faraday dark spjice, a well-developed negative glow 
and dark space ; and in spite of the anode and cathode being at the 
same potential there is in this case the normal cathode fall of about 
300 volts at the cathode : the negative forces in a tube of this kind 
must be very considerable, as they have to balance the cathode fall. 

The heaping up of the uegative electricity at the head of the stria- 
tions seems to me to be the most important factor in the production 
of striations. 

This concentration of the negative electricity at regular intervals 
along the discharge may be explained as follows. Consider a stream 
of negative corpuscles projected from the neighbourhood of the cath- 
ode with considerable velocity ; they will collide against the molecules 
of the gas, and thereby lose velocity : if the electric field acting on 
them is not sufficiently intense to restore the velocity lost by the colli- 
sions, the corpuscles will lose velocity as they travel through the gas, 
thus the corpuscles in the rear will gain on those in front, and there- 
fore the density of the corpuscles and therefore of the negative elec- 
tricity will be greater in the front, and by the equation = 4 tt p, 

d * 2 / 

when X is the electric force, x the distance from the cathode, 
and f> the density of the electricity, the electric force will increase 
rapidly in consequence of this concentration. This increase in the 
force will increase the velocity of the particles in front. If the in- 
crease in velocity is not sufficient to make the corpuscles ionize the 
gas by collision, the congestion will be relieved by the gradually in- 
creasing velocity of the corpuscles in front, and there will be no 
periodicity either in the density of the electricity or the electric force. 
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If, however, the force increases so that the corpuscles produce ions 
by collision quite a different state of affairs will occur ; suraose that 
when the corpuscles get to a place P, their velocity is sufficient to 
produce ionization. On the anode side of P positive and negative 
ions will be produced, the positive ones will crowd towards P, the 
negative ones will move away from it ; the consequence will be that 
there will be an excess of positive electrification on the anode side 
of P : now positive electrification implies a diminution in the electric 
force as we move towards the anode, thus the electric force will fall. 
When it has fallen below the value required for ionization the nega- 
tive electricity will as before begin to accumulate in the front of the 
stream, and the electric force will again increase to the value required 
for ionization when the process will be repeated. We shall in this 
way get a periodicity in the electric force such as is observed in the 
striat^ discharge. Thus on this view the concave side of the bright 
head of the striation acts as a cathode, the corresponding anode being 
the convex side of the bright head of the adjacent striation on the 
anode side. Between these two places we have a complete discharge, 
fonning a unit by the combination of which the whole discharge is 
built up. The ions which carry the current through any unit are for 
the most part manufactured in the units themselves, so that these 
units will behave, as Goldstein and Spottiswoode and Moulton have 
observed the striations to behave, as if they were to a considerable 
extent independent of each other. The effect of pressure on the 
distance between the striations can easily be understood from this 
point of view, for the lower the pressure the greater will be the dis- 
tance which particles projected with high velocity will travel before 
their velocity is destroyed. Again, the variations in the electric field 
are due to the accumulation of electrical charges in the tube. These 
accumulations maybe regarded as electrified disks v hose cross-section 
is that of the tube ; the distance from the disk at which these forces 
fall to a certain fraction of their maximum value will depend upon 
the diameter of the disk ; the larger the diameter the greater this 
distance, so that when the diameter of the tube is small the fluctua- 
tions in the intensity of the elective force will be much more rapid 
than when it is large, and thus we should expect the striations to be 
much nearer together in a narrow tube than in a wide one. 

To explain the variations in the luminosity which accompany 
these fluctuations in the electric field we must consider the variation 
in the kinetic energy possessed by the positive ions when they recom- 
bine. The recombination of ions does not in general seem to be 
accompanied by luminosity, unless the ions possess a definite amount 
of kinetic energy. We certainly can have a gas with great electrical 
conductivity, and in which a large number of ions are recomljiining 
without any visible luminosity ; it seems as if the ions must have a 
definite amount of kinetic energy for visible light to be developed on 
their recombination. Now in the space between two striations the 
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electric field in the part near the cathode side of the bright head of a 
striation — the dark part — is weak ; here the ions have not got the 
minimum amount of energy requisite for them to be luminous when 
they recomhine ; in the bright part of the striation the electric field 
is strong, and here the ions get sufficient kinetic energy to enable 
them to give out light when they combine. If the energy required 
for an ion to give out visible light is greater for light at the blue end 
of the spectrum than at the red, we might get blue light at one part 
of the striation, red at another, an effect often observed when we 
have a mixture of mercury vapour and hydrogen in the tube ; a simi- 
lar separation of the spectra of the two gases in a striation might 
also be produced if one of the gases were more easily ionized than the 
other. 

I wish to thank my assistant, Mr. Everett, for the assistance he 
has given me in these investigations. 
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Tantalum and its Industrial Applications. 

When the announcement was made in the year 1878 that “the 
division of the electric light had been successfully accomplished,” 
many people believed that the days of lighting by gas had come to 
an end, and acted accordingly, much to their own disadvantage : for 
the competition of the glow-lamp served only to stimulate its rival to 
new life. 

Burners of improved construction, regenerative burners, and 
finally gas mantles nelped to restore to gas the ground it had lost, 
and until a short time ago even threatened to check the spreading of 
electric lighting. 

Not only this growing competition of gas, but the universal 
necessity of cheapening the proauction of commodities that arc for 
general use, forced electrical engineers to study in all its aspects the 
question of improving the efficiency of electric lighting. 

As a guide in their researches they had the well-known principle 
that the illuminating power of a solid body increases at a much 
greater ratio than its temperature, or, in other words, that with the 
increase of temperature a greater percentage of the energy expended 
for heating the body is converted into light. 

There is plenty of room for improvement ; for even the most 
economical source of light, the electric arc lamp, converts only about 
one per cent, of the energy of the electric current flowing through it, 
into light, the rest appearing as heat, so that in reality all methods 
of lighting devised by men are, to a much greater extent, methods of 
heating. 

The first successful incandescent lamp consisted of a oarbon 
filament ; and for a long time carbon appeared to be the only suit- 
able substance, although the temperature to which such a filament 
can be raised is limited to about 1600^ C., as above this poii^t the 
carbon begins to disintegrate rapidly. 

At this temperature the lamp consumes from three to three and a 
half watts per candle-power, whue any attempt to produce light more 
economically by raising the temperature of the filament results only 
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in shortening its life, and destroying thereby its power of competing 
with gas lighting. 

An improvement on this result was introduced by Prof. Nernst, 
of Gottingen, who suggested, as the source of light, refractory earths, 
similar in character to those used for gas mantles, which, however, 
conduct electricity only when they are hot. 

Lamps constructed on Prof. Nernst’s principle have, therefore, to 
be fitted with contrivances for heating their filaments when starting, 
which complicate the construction of the lamp. 

Another step forward was made by the invention of the osmium 
lamp, which is produced in a somewhat similar manner to the carbon 
lamp, by squirting a plastic mixture of metallic oxide and a reducing 
agent into the shape of a filament, which is gradually heated in a 
glass bulb by the passage of an electric current, while the bulb is 
being exhausted by an air pump, or an equivalent device. 

As far as utilisation of energy goes, tnese lamps are a great im- 
provement on carbon lamps, but their filaments are very brittle ; and 
the total production of osmium per year is only about H kg. for the 
whole world, of which 5 kg. are \^anted for medical purposes. 

In January 1905 Dr. W. von Bolton, the head of the chemical 
laboratory ot the liriii of Siemens and llalske, announced in a lecture 
to the Elektrotechnische Verein of Berlin that he had succeeded in 
producing pure tantalum, and his discourse was followed by Dr. 0, 
Feuerlein, describing how^ tantalum had been utilised for filaments in 
the lamp works of the firm. 

These discourses presented the result of long years of research 
work, based on the general principle already alluded to, that that 
filament would give the best economical results which could be 
maintained for the longest time at the highest temperature. 

The number of substances capable of conducting electricity and 
of sustaining such high temperatures is very limited, and platinum, 
the most refractory of the well-knowui metals, had been tried and 
found wanting. 

It became, therefore, necessary to start the research by devising 
methods for producing the rare metals in a commercially possible 
manner, and then try one after the other as filaments of incandescent 
lamps. 

While working on these lines, Dr. von Bolton succeeded, in the 
first instance, in producing a vanadium filament by heating a mixture 
of vanadium pentoxide and paraffin to 1700" C., and therebv pro- 
ducing sticks of vanadium tnoxide, which in their turn were heated 
by electric currents in a glass bulb exhausted by an air-pump, and so 
converted into metallic filaments. 

As it was found that vanadium melts at about 1680® 0., such 
filaments were no improvement on carbon filaments ; and the next 
substance to 1^ investigate was niobium, which belong^s to the same 
group of elements, but has nearly double the atomic weight. 
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Treated in a similar manner, the niobium filament gave some- 
what better results, but still its melting-point, estimated at 1950“ C., 
was too low for practical purposes. 

In this connection it should not be forgotten that, at a tem- 

E erature considerably below their melting-point, all these metals 
egin either to soften or to disintegrate, so that their “ working ’* 
temperature is not identical with their melting temperature. 

Turning his attention to tantalum, which has an atomic weight 
of 181, Dr. von Bolton experimented with the black metallic powder 
produced by the method of Berzelius. and Rose, and found that it 
could be rolled into a fairly coherent mass in the form of ribbons. 

Alternative experiments, conducted on the lines by which vana- 
dium and niobium had been obtained, resulted in the production of 
pure tantalum in the form of a metallic button, which was found to 
be tough and malleable like steel. 

These and other qualities convinced Dr. von Bolton that nobody 
before him had handled pure tantalum, although Berzelius had first 
obtained the metal by a chemical process in 1824, and later Moissaii 
succeeded, in 1902, in producing it in his electric furnace. 

The latter describes tantalum as a hard brittle metal of the 
specific gravity of 12*8 and a non-conductor of electricity, but he 
adds that the substance obtained by him contained about a half per 
cent, of carbon. 

Considering the high atomic weight of tantalum, this admixture 
of carbon evidently exercises a great influence on the physical 
qualities of tantalum, and explains the differences between the 
observations of Dr. von Bolton and those of his predecessors. 

In nature ores containing tantalum are found in man^ places, 
principally in Scandinavia, North America, South-west Africa, and 
Western Australia. 

A specimen of columbite from South Dakota and another of 
tantalite from Western Australia are exhibited. 

The columbite contains from 10 to 40 per cent, of tantalum 
pentoxide (TajOj), and a good deal of niobium combined with iron 
and manganese in various proportions. 

As the separation of tantalum and niobium is somewhat trouble- 
some, it is preferable to utilise the tantalite, which consists almost 
entirely of iron and manganese combined with tantalum pentoxide. 

From these ores tantalum is separated in the form of a fluoride 
in combination with potassium (KjTa FI 7 ), and subsequently reduced 
by metallic potassium to the black powder already mentioned, which, 
however, still contains some oxide and some hydrogen. 

In order further to purify the product, the powder is pressed into 
the form of small cyUnaers (one of which is on the table), whidi are 
melted in a vacuum by an electric current under certain precautions 
into small buttons of pure tantalum such as are exhibited. 

Since the production of tantalum has been carried out on a com- 
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mercial scale, it has been possible to improve many details of the 
process, so that the Uintalum produced by it at the present time is 
even purer than that shown in 1905 at the discourse of Dr. von 
Bolton and Dr. Feuerlein. 

Some specimens of this latest tantalum have been submitted to 
Sir James Dewar, who has very kindly made experiments with refer- 
ence t(j its specific heat and to its thermal conductivity. 

He ascertained the specific heat by plunging small spheres of 
tantalum, which had been heated to the temperature of boiling water, 
into water of 14** 0., then transferring them to melting carbonic acid 
( — 78'' C.), and finally to liquid air ( — and as an average 
of several experiments the specific heat was found to be between 

100" C. and 14" C. = 0-033 
14" C. „ - 78" C. = 0-032 

-78"C. „ -183" C. = 0*028 

while Dr. von Bolton in 1905 gave the specific heat as 0*0363. 

Multiplying these results by the atomic weight (181) it will be 
seen that TXr Bolton’s value (6*57) is slightly higher, and Sir 
James Dewar’s value (5*97) lower than 6*4, which, according to 
Dulong and Pettit is the atomic specific heat. 

By the kindness of Sir James, his experiment for showing the 
relative thermal conductivity of iron, copper and tantalum can be 
repeated here by dropping three short rods, made of these metals, in 
liquid air, while their tops, above the cardboard cover, are exposed 
to the air of the room. 

In a short time the moisture of the air condenses on the rods and 
freezes to a distance, which depends on the conductivity of each 
metal. 

The results of Sir James Dewar’s experiments prove tantalum 
to have about three-quarters the conductivity of iron, and about one- 
eighth the conductivity of copper. 

At ordinary temperatures, say below 300" C., pure tantalum resists 
the action of all acids, except fluoric acid, of all alkalies, and of 
moisture, so that it is an ideal material for chemical apparatus which 
do not require high temperatures, and for any implements which, 
when made of steel, are liable to rust. 

It has already been stated that pure tantalum is rough and malle- 
able, HO that it can be hammered out into thin sheets or drawn into 
fine wire, the diameter of the filament wire being 0*03 mm. or 
about one-eight-hundredth of an inch ; all the same, it is elastic and as 
hard as soft steel, and has a tensile strength of 93 kg. per square mm., 
which is equal to 57 tons per square inch. 

This means that the filament wire is capabl#' of supporting about 
80 grammes, or 2 * 8 ounces, as can be shown by actual experiment. 

Tantalum sheet can be stamped into various shapes, and out of 
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bars of tantalum springs can be bent, as the specimens on the table 

show. 

Another use made of tantalum is as material for writing pens, 
manufactured in the usual way. 

When it was first offered for this purpose, it was found that tlie 
material could not pass the test prescribed for pens made of steel. 

These are pressed by a weight of 180 grammes on writing paper, 
which is moving at the same speed as ordinary writing, and while 
10 km. (6^ miles) of paper are passing, the loss by abrasion must 
not exceed 0‘7 mg. (O'Ol grains). 

At first the tantalum pens lost more than double the permitted 
weight, but it was found that slightly oxidising the surface of the pens 
hardens them so much, that they only lose 0 * H mg. by the 10 km. test. 

By weight this is still more than permitted for steel pens, but 
having regard to the specific weights of the two substances, the 
actual volumetric abrasion of the tantalum pen is the lesser of the 
two. 

Although only the surface of the pens had been oxidised, it was 
found that the rate of abrasion remained the same for the wliole 
length of 10 km., when it was expected that this rate w^ould increase 
materially after the skin of oxide had been ground off. 

Advantage was taken of this circumstance when an inquiry was 
received from India whether it would be possible to manufacture 
cataract knives for oculists out of tantalum. 

The qualities demanded of such a knife are that its blade should 
be — 

1. Intensely hard, so as to be able to acquire a very sharp edge 
of great smoothness, and to retain this fine edge for a long fcnne. 

2. Very tough without any tendency to bend. 

3. ChemicaUy and mechanically stable, so that it can be easily 
sterilised and that it is not liable to rust. 

4. Capable of acquiring a high polish. 

Manufacturing such a blade out of pure tantalum and slightly 
oxidising it, before polishing it, appears to fulfil these stringent con- 
ditions, but as the knife which is on the table has not yet been 
actually tried for an operation, it can only serve to demonstrate the 
similarity of tantalum to steel for such purposes. 

Another field for the application of tantalum may be found in 
the supply of dental instruments, owing to its immunity from chemical 
changes, but beyond showing two cases of such appliances, there is 
no necessity to go further into details. 

While possessing all these qualities of a true metal, tantalum has 
some others which rather limit its usefulness. 

When heated to a dull red it absorbs gases greedily, cspei^ially 
hydrogen and nitrogen, and by combining with them it loses its 
tensile strength and becomes brittle. 

Here are three pieces of tantalum wire taken from the same coil ; 
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one of them has been heated in an atmosphere of nitrogen, the other 
in hydrogen, and the third has not been interfered with. The 
consequence is that the latter has retained its strength, while the 
former have become brittle and useless. 

On heating tantalum in air, it shows first a yellow and then a 
blue tint like steel, but when the heating is continued it burns to 
pentoxide. 

The black powder and thin wires can even be lighted by applying 
a match to them, as the experiment shows. 

Its melting-point, in vacuo, lies between 2250“ C. and 2300“ 
Celsius, which makes it particularly suitable for electrodes in vacuum- 
tubes, especially as it does not disintegrate — for example, Ta electrodes 
are extensively used in Roentgen tubes —and its specific weight is 16 * 6. 

Turning now to the electrical qualities of tantalum, its specific 
resistance was stated by Dr. von Bolton, in 1905, to be on the 
average 0*165, with a temperature coefficient of 3 per cent, between 
0“ and 100“ Celsius. 

Further experiments conducted by Dr. Pirani in the laboratory 
of Siemens and Halske revealed the fact that wires of various thick- 
nesses varied Jn their specific resistance from 0*173 to 0*188 ; but 
after they bad been heated to 1900“ Celsius in a high vacuum for 
from 100 to 200 hours, they all possessed the same specific resistance, 
viz. : 0*146, and their temperature coefficient between 0“ and 100“ 
Celsius had risen to 0*33 per cent. 

As a temperature of the tantalum filament, when consuming 
1 * 5 watt per candle-power, is about 1850“ C., and its resistance about 
six times its resistance at 100“ C., the temperature coefficient between 
100“ and 1850“ C. may be taken, on the average, as 0* 29 per cent. 

No doubt the difference between these results is caused by altera- 
tions in the structure of the wires during their manufacture, and the 
heating in vacuo served a similar purpose to the annealing of steel, so 
that Dr. Pirani’s results published in 1907 may be taken as sltindards. 

At present, the most important industrial application of tantalum 
is its use for the filaments of incandescent lamps, which may be said 
to date from July 1903, when Dr. Feuerlein had succeeded in pro- 
ducing a tantalum wire one-twentieth of a millimetre in diameter. 
Of this wire he made a glow lamp with a filament 54 mm. long, using 
a current of 9 volts 0*58 amps., and giving a light of 3*5 candles 
(Hefner), at the rate of 1*5 watt per candle power. 

A simple calculation shows that for a current of 110 volts, 660 mm. 
of the same wire would be required giving at the same rate of con- 
sumption of energy a light of 43 candles. 

In carbon lamps for 220 volts the length of filament is only 
400 mm., and the filaments remain hard until they disintegrate. 
Tantalum filaments, like other metallic filaments, soften, however, to 
such a degree that they cannot be used in the same shape as carbon 
filaments. 
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After trying various raethods of housing the long Ta filament in 
a glass bulb of approximately the same dimensions as the carbon glow 
lamps, the present form was arrived at during the year lOO-t. In this 
lamp, which was adopted as standard, the length of the filament was 
650 mm., its diameter 0*05 mm., and its weight 0*022 gnimmes, so 
that about 45,000 of these lamps contain I kg. of Ta. 

Since then these dimensions have been modified toac'ertain extent, 
for instance the diameter of the filament is now only 0*0:5 mm., but 
the external shape has not been altered. 

It was soon found that after burning a short time the filament 
underwent certain structural changes and lost its great tensile strength. 
Examination under a microscope revealed the fact that in about 
1000 hours the smooth cylindrical filament shows signs of capillary 
contraction, as if the cylinder was going to break up into a series of 
drops, and the surface, from being dull, commences to glitter. This 
contraction of the filament after being heated is readily recognised by 
comparing a new lamp with an old one. On the stars of the new 
lamp the filament hangs loosely, while in the old lamp the filament is 
evidently in tension. 

The characteristic difference between carbon filaments and tanta- 
lum filaments is shown by a diagram representing the influenct* of 
temperature on the electric resistance of the two filaments in propor- 
tion to each other. 

In order to have the differences at once shown in per cents., the 
normal pressure and the normal resistance of l)oth filaments, when 
giving the light of 1 candle for 1*5 watt, is marked as 100, and it is 
immediately seen that the resistance of Ta alters directly and that of 
carbon inversely as the temperature. Owing to this quality, a Ta 
filament is better able to resist overheating than a carbon filament, as 
the following experiment shows, where two lamps, one Ta and one C, 
burning normally at 110 volts with 1*5 watt per candle power, are 
gradually exposed to higher voltages. The C lamp breaks while the 
Ta lamp stands up to 200 volts, the highest voltage available to-night. 
Of course its useful life will be shorter than at its normal voltage. 

As stated at the beginning of the discourse, the primary object of 
all the research was to find a filament more economical in the con- 
sumption of electrical energy than the C filament, and the following 
experiments will show that the Ta filament is, in this respect, a great 
improvement on the 0 filament. 

To begin with, a comprison can be made by burning a Ta and 
a C lamp under water, each being immersed in a vessel containing the 
same quantity of water. 

Owing to the C lamp requiring more energy to give the same Ikht 
as the Ta lamp, the ieroperature of the water in the C vessel uses 
quicker than in the other vessel. 

Another way of showing the difference is by measuring the current 
taken by each of the two lamps when giving approximately the same 
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light, or by sending the same current through both lamps in series 
and noting the diiBference in candle power. 

In conclusion, two interesting qualities of Ta should be noted — 

The first is that when a Ta filament is heated in a high vacuum 
it will expel any oxygen that has combined with it. It is possible to 
detect whether a filament contains any oxide by very gradually heating 
it up, when the parts containing oxide will appear brighter than those 
consisting of pure Ta, owing to the greater electrical resistance of the 
oxide. 

Those lamps have been purposely exposed to the air while they 
were being exhausted and have become “ spotty ” in consequence, but 
if they are raised a little above their proper voltage and left burning 
for a few minutes, their filaments become quite uniform by the expul- 
sion of the oxygen. 

The second is that Ta will act as a rectifier when used in an 
electrolyte, that is to say, it will allow of the ptissage of the positive 
current only in one direction. In the apparatus shown the positive 
current passes through the lamp to a Ta anode, thence to a Pt cathode, 
but in a very short time the Ta anode covers itself with a film of 
oxide which Rf.qps the current. When the current is reversed the 
lamp lights' again and continues to burn. When an alternate current 
is connected to the lamp it will also continue to burn, but with reduced 
light. 

All these experiments are intended to show the remarkable quali- 
ties of this material, and when they are fully appreciated and its 
limitiitions are properly understood, there appears to be a great field 
open to tanhilum and its industrial applications. 


[A. S.] 



Friday, May 28, 1909. 

His Grace The Duke of Northumberland, K.O. P.C. 
D.C.L. Sc.D. F.R.S., President, in the Chair. 

J. Emerson Reynolds, Esq., M.D. Sc.D. F.RS. M,RJ. 

Recent Advances %n our Knowledge of Silicon and of its Relations 
to Organised Structures, 


I HAVE placed on the table before you a magnificent natural 
crystal of the colourless mineral quartz^ w hich is the property of the 
Royal Institution. This is the oxide — dioxide — of the clement Silicon, 
about which I have the honour to address you this evening. This 
oxide of Silicon is — as you are doubtless well aware— commonly called 
Silica, and is met with in Nature in many conditions, either colour- 
less as in this “rock crystal” or coloured in the black quartz, in 
common topaz and amethyst, and uncrystalline in agate and flint. 

Not only is Silicon widely diffused in Nature in the many forms of 
its oxide, but it also constitutes between one-third and one-fourth of 
the original and non-sedimentary rocks — of which the solid crust of 
the earth largely consists — ^in these cases being chemiciilly combined 
with Oxygen and various metals forming natural Siluaics.’^ln this 
diagram we have a necessarily very rough estimate of the relative 
proportions in which the chief constituents are present. 


The Earth’s Crust. 

Approximate average Compobition of uon-Bodimentary Rocks. 
Oxygen . . . . about 47 per cent. 


Silicon 
Alummium . . 

Iron 

Calcium and Magnesium 
Alkali Metals 


28 

8 

7 

6 

4 


The crust of the earth is iu fact a vast assemblage of silicon com- 
pounds, and the products of their disintegration under the influence of 
water and other agents produces the various forms of clay, sand and 
clialk which constitute so large a portion of the earth’s sui face. 

The solid crust of the earth is actually known to us for but a very 
few miles down — thirty at most — our deepest mines being >nere 
scratchings on its surface ; but, so far as known, practically all its 
constituents are fully oxidised, and this is probably true at much 
greater depths. During aeons past oxygen hs^ been absorbed as the 
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earth cooled down, and the product is the crust on which we live.* It 
is probable that the proportion of oxygen diminishes away from the 
surface until it disappears almost wholly. What of the deeper 
depths ? Are the comparatively light elements arranged more or less 
in the order of density ? Are we to suppose that silicon and some 
carbon, aluminium, calcium, the elements chiefly comprising the 
crust, are those nearer the surface, and iron, copper, and the heavier 
metals nearer the centre ? 

Until recently we knew little more than that the earth is some 
8000 miles in diameter ; that its mean density is 5* 6-5* 7, and that 
its relatively thin outer skin, or crust, has approximately the com- 
position assigned to it in the diagram. By a very skilful use of 
earthquake observations, the eminent geologist, Mr. Richard D. Oldham 
has, however, lately f giver us something like a glimpse within the 
ball, and concludes from his observations that about five-sixths of the 
earth’s radius includes fairly homogeneous material and that the re- 
maining sixth at the centre consists of substances of much higher 
density. Assuming this to be even roughly true, we conclude that 
silicon forms ])robably iis great a proportion of this large mass of 
the earth — in the free sUteor in the forms of silicides— as it 
does of the cnist. 

Having thus magnified the office of the importiiiit element of 
which I wish to sj)eak to you, [ shall pass to my next point which is 
how the element can lie separated from quartz, or other forms of the 
oxide, for it is never m(‘t with unless combined with oxygen in any of 
the rocks known to us. 

T have already mentioned that quartz is a dioxide of the element 
— in fact it is the only known oxide — henoe if we remove this oxygen 
we should obtain free silicon. This is not a very difficult matter as it 
is only necessary to heat a mixture of finely powdered quartz with 
just the right proportion of metallic magnesium. The metal com- 
bi ni‘s with the oxygen of the quartz, and forms therewith an oxide of 
magnesium, while silicon remains. If the material be heated in a 
glass vessel the moment of actual reduction is marked by a bright 
glo\v which proceeds throughout the mass. When tlie product is 
thrown into diluted acid the magnesium oxide is dissolved and nearly 
pure silicon is obhiined as a soft dark brown powder which is not 
soluble in the acid. This is not crystalline, but if it be heated in an 
electric furnace it fuses and on cooling forms the dark crystalline sub- 
stance on the table, which, as you see, resembles pretty closely the 
graphitic form of carbon, though its density is rather greater. (2*6, 
graphite being 2 .1.) 

* An interesting calculation has been made by Mr. Gerald Stoney, from 
which it appears that a stratum only 9 feet in depth of the surface of the earth 
contains as much oxygen as the whole atmosphere. See Phil. Mag., 1899, p. 566. 

t H. D. Oldham, F.G.S., “ Constitution of the Interior of the Earth.’* 
Quarterly Journal ot the Geological Society, vol. Ixn. (1906) pp. 456-475. 
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Silicon Analogues op Carbon Compounds. 

The i^inte of physical resemblance between silicon and carbon are 
of small importance compared with the much deeper rooted resem- 
blance in chemical habits which exists between the two elements. 
This is expressed in the periodic table of the elements as in the 
following diagram : — 

Na^28, Mg=24, Al=27, Si=28, P=81, S=^82, Cl=35‘5 
Li= 7, Be= 9, B=ll, C=12, N=14, 0=16, P=19 

where silicon is represented as the middle term of a period of seven 
elements of increasing atomic weights, just as carbon is the middle 
term of the previous period. The fact is these two electro-negative 
or non-metallic elements play leading parts in the great drama of 
nature, silicon dominating that which has to do with dead matter, 
while carbon is the great organ-building and maintaining element of 
all living things. While each carries on the work to which it is best 
suited under existing terrestrial conditions, they both go about it in 
somewhat similar ways and each one shows tendencies to overstep the 
border line and pei*fonn the other’s part. This tendency is for 
various reasons much more marked in the case of carbon, but I hope 
to show you presently that silicon is by no means out of touch with 
living things, and further that it exhibits capacities which render it a 
potential element of life under other conditions of our planet, but 
more especially at a much higher level of temperature. 

I do not propose to dwell in much detail on the remarkable 
parallelism of some silicon and carbon compounds, but must refer 
shortly to a few of them, and the oxides naturally come firsCT 

I have just stated that we know with certainty only one oxide 
of silicojii, the dioxide' SiOj,. This is analogous to the highest 
oxide of carbon — the well-known CO 2 which plays so important a 
part in the lives of animals and plants. This familiar carbon com- 
pound is a gas under ordinary conditions, but here is some of it in the 
form of snow. Alongside of this is a vessel containing some finely 
divided SiOj or silica. They are rather like in appearance but they 
differ grejitly in volatility. The OO 3 snow speedily resumes the 
gaseous state at ordinary temperature, but silica requires a very high 
temperature indeed even for fusion, however when heated in an 
electric furnace, the oxide can not only l)e fused but volatilized. In 
the fused state it can be fashioned into various shapes and affords 
most convenient vessels for many purposes, as they are not liable to 
crack on sudden heating or cooling, and are not attacked by any 
acid except hydrofluoric acid. 

As the difference between the atomic weights of the eleStnents 
carbon and silicon is only 16 units, silicon dioxide should not differ 
in volatility nearly so much as it does from carbon dioxide. This and 
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other considerations lead us to the conclusion that silica as we know 
it is a molecularly condensed substance represented by the expression 
(SiO.^),, where the value of n is probably at least =6. 

Before leavin^]^ the consideration of the simple oxide, I should like 
to show you the effect of radium emanations on a disc of colourless 
quartz. Tliis disc has been exposed by Sir William Hupjgins to 
radium for a considerable time, and the brownish discoloration about 
the centre of it is due to the action of the rays. Whether the lattcT 
reduce a portion of the oxide and separate a minute film of brown 
silicon, or merely attack some trace of impurity in the quartz is not 
yet known. 1 have to tliank Sir William Hujy^ins for allowing me 
to show you this interesting specimen. 

The chemical analogies of COo many 

respects, for both a(‘t as acid anhydrides and com])ine with metiillic 
oxides and fonn similar salts. On the one hand we obtain the well- 
known carl)onates, such as common soda crystals, and on the other 
siUcafPit^ such as sodium silicate. T need scarcely remind you tliat 
ordinary window' and bottle glass are mixtures of siliciitcs of such 
metiils as calcium and sodium. 

When a so?iible carbonate is treated with any moderately strong 
acid OOy gas is evolved ; but wiien a soluble silicate such as Na.jSiOy 
is similarly treated no gas is evolved but a gelatinous substJince 
se))arates. Now this consists for (he most ])art of the feeble acid 
H 2 ^SiOg, which parts with the elements of water gradually, if exposed 
to air, and affords various low(‘r hydrates, one of the most beautiful 
being that which W'e meet with in Nature as the precious opal. 

(^iloride and bromide of silicon are easily (d>tiiined by heating the 
free ehunents in the res])ective halogens, and }>recisely corres])ond in 
(composition to the analogous (*arbon compounds, but, unlike tin* 
latter, are intensely reactive to Avat(T, and in so far resemble the 
chloride and bromide of a metal. 

If, however, hydrochloric acid gas, insteiid of chlorine, be passed 
over heated silicon a very volatile licpiid is obtiiined which is similar 
in composition to ordinary carbon chloroform : — 

Ordinary (Miloroform ... ... OH Olg 

Silicon (’hloroform ... ... SilKI, 

Silicon chloroform has no anesthetic effects for a reason you will 
easily appreciate, when I compare the action of water on the two 
substances. Under ordinary conditions carbon chloroform is not 
affected by moisture, hence its vapour can be biken into the lungs 
unchanged and passes into the system producing its characteristic 
effects. Silicon chloroform on the other hand is instiuitly destroyed 
by moisture, producing free acid, therefore it cannot be inhaled. 
Nevertheless, the products of the action of water upon it at ordinary 
temperature are very similar to those which can be obtained by the 
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prolonged action of water on ordinary chloroform at high tempera- 
tures. The latter can afford formic acid along with hydrochloric acid. 
Silicon chloroform affords precisely similar products at ordinary tem- 
peratures, hut the soluble silico-formic acid immediately changes into 
the anhydride, and that is the white insoluble substance which has 
separated in the tube before you. This change may be represented 
thus : — 

2(H8iOOH) = hIo>® + 

Silico-Formic Acid. Anhydride. 

Again, both silicon and carbon form gaseous compounds with 
hydrogen of similar composition : — 

CH 4 and SiH 4 

Neither of these hydrides can be obtiiiiicd by direct union of the 
resi)ective elements, though they are ciisily obtained by indirect 
meiins, with the debiils of whi(‘h I need not troul)le you. Both are 
colourless gases as you see. The carbon liydride, or nirtrsh gjis, is 
combubtibl(‘, but requires to have its temperature raised considerably 
before it takes fire in air, and its flame is only slightly luminous. It 
produces on complete oxidation water vapour and carl)on dioxide gas. 
The analogous silicon hydride takes fire mu(*h more easily in air, and 
when not (|uite pure is even spontaneously comhustihle under 
ordinary conditions, and it burns producing water vapour and solid 
silicon dioxide. 


“ SlLrCO-OKOANIC OuKMISTRY.” 

Now, just as marsh gas may be regarded as the starting point of 
that greut'branch of science which is usually spoken of as Organic 
Chemistry, so the analogous hydride of silicon is the primary com- 
pound from which many substances which are often termed silico- 
organic compounds am be derived by various means, and these were 
discovered in the course of the classical researches of Priedel, 
Crafts, Ladenburg and others. 

I wish to avoid using many chemical formnlaB, which probably 
wouM convey but little meaning to some of those whom I address ; 
it will suffice to merely indicate the lines on which investigations 
have proceeded in this direction. 

In the older work of Friedel, Crafts and Ladenburgj they 
produced complex substances by the substitution of various radicles 
(always carbon groups), for one atom of hydrogen in SilL, and 
ultimately replaced another atom of hydrogen by the Oil or hyaroxyl 
group. The substances so formed were silicon alcohols which may be 
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represented in the following maimer — A, B and C, being used to 
indicate the different complex rcphicing radicles : — 


^5 

/A 

/B 

/C 

— H 



o,.-H 

-H 

Si 

Sl_H 

Sl_ii 

\H 

\OH 

\OH 

\OH 


In this way silicon alcohols were built up which proved to be 
analogous to well-known carbon alcohols, and which afforded 
analogous acids, etc., on oxidation. These discoveries laid the 
foundations of a silico-organic chemistry and have been further 
extended in later years. For example, it has been found possible to 
pursue the analogy with known carbon compounds in tlie direction 
of replacing all the hydrogen in silicon hydride by different radicles, 
and tl'ese clianges, which ciin be effected in successive stfiges, may be 
repi-esented in harmony with those just given : — 

/A /k /k 

Si-H Si_H Silc 

\OH \OH \OH 

The two la^t these are asymmetric ^ since all four radicles are differ- 
ent. (^n8e(iucntly they should exist in iwo isomeric modifications, if 
really analogous to known carbon compounds of the same order, and each 
form should be capiiblc of acting diffeiently on polarised light.* Dr. 
F. SUuley Kipping, who has specially inve'=’tigated this kind of sub- 
stitution with much success, finds that the analogy between these 
avsymmetric silicon and carbon compounds is complete in regard to 
optical activity as to other general characters. 

SiLicOx^ Compounds including Nitrogen. 

This wtis all good so far as it went, but some highly important 
information was still wanting. As you know well the various com- 
pounds including carbon and nitrogen play by far the most imi^ortant 
pirts in bdilding up organ I mhI structures under the influence of vital 
energy, bat in the silicon series we were almost wholly ignonint of the 
existcni'c of such compounds until ^^ithin recent years when 1 under- 
took to definitely investigate this branch of the subject. 

All tha 'u \\as known at the period of which I speak was that silicon 
forms a white nitride of uncertain composition when strongly heated 
in an atmosphere of nitrogen gas ; and that when silicon chloride is 
brought in contact with ammonia and similar substances violent action 
occurs, but the nature of the products formed was not known owing 
to special practical difficulties in sepimtiiig them. 

The first step taken was to examine the action of silicon halides 

* Those changes are ropreaented above as having l>een effected through the 
Hilicon alcohols in order to avoid complicating the general statement, other 
compounds have in fact been found more convenient for the purpose. 
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(i.e. chloride, bromide, etc.) on substances free from oxygen, but rich 
in nitrogen. The earliest of these worked with were Thio- 
carbamides, but in all these cases the silicon halide merely united 
with the nitrogen compound as a whole, in some instances producing 
very curious substances of which the one with Allyl-thio-carbamide 

(CaHj . H3NaCS)8 SiBr^ 


is a good example. This is a liquid which flows so slowly at ordinary 
temperature that it requires nearly a month in order to fall from the 
top of its containing tube and find its level at the bottom. Several 
similar substances have been obtained and examined and their pro- 
ducts of decomposition studied, but they do not belong to the class of 
which I was really in search. 

It would weary you to give the details of scientific prospecting 
which one has to go through in order to attain definite results in a 
new line of work like this, suffice it to siiy that success attended the 
efforts at last, and a finely crystallised and perfectly defined com- 
pound was obtained in which silicon is wholly in direct chemical 
combination with nitrogen, and a specimen of that substance I now 
show you. Its composition is represented by the expression 


Hi (NHPh), 


where Ph stands for the phenyl group, and its name is Silico- 
phenylamide. 

This substance when heated undergoes some important changes, 
which resemble rather closely similar changes that can be effected 
in analogous compounds of ciirbou with nitrogen. TliuT it first 
affords a gmnid%ne 


Si 


/NHPh 
=N Ph 
XNHPh 


analogous to the well-known carbon guanidine, and further a diimidc, 
Si(N Ph).j, which only needs the addition of a molecule of water to 
convert it into a silicon urea^ SiO(NH PlOj. Many other substances 
have been produced similar to silicophenylamide, and they afford 
analogous products to these just mentioned ; but these have been 
fully described elsewhere, and need not be dealt with here. 


Silicon in Relation to Organised Structures. 

The geneml results of these researches are that we now kilow a 
considerable number of silicon compounds including nitrogen, ^hich 
resemble those of carbon with nitrogen both in composition apd in 
the general nature of the changes in which they can take part. Some 
of these carbon analogues are closely related to those which are con- 
cerned in building up organised structures of plants and animals. 
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All theories of life assume that its phenomena are inseparably 
associated with certain complex combinations of the elements carbon, 
nitrogen, hydrogen and oxygen, with the occasional aid of sulphur 
and phosphorus. These are tlie elements of that protoplasm which 
is the physical basis of life, and by their interplay they form the 
unstable and complicated groupings of which that remarkable 
material is composed. All the phenomena we call vital are associated 
with the change of some protoplasm, and the oxidation of carbon and 
hydropn. But it is quite open to question whether the connection of 
life with the elements first specified is inevitable. We can conceive 
the existence of similar groupings of other analogous elements 
forming other protoplasms capable of existing within much greater 
ranges of temperature than any plants or animals now known to us 
have to withstand. For example, we can imagine a high temperature 
protoplasm in which silicon takes the place of carbon, sulphur of 
oxygen and phosphorus of nitrogen, either wholly or in part. In fact, 
protoplasm so far as we know it in purest form, always contains 
some sulphur, and often a little phosphorus, representing a very 
partial substitution of the kind in question. 

In view of'oui newer knowledge there is therefore nothing very 
far-fetched in supposing that under suitable conditions a plant or an 
animal organism, may be able to construct from silicon compounds, 
ultimately derived from the soil, something akin to silicon protoplasm 
for use in its structures. 

You will now ask me whether there is any evidence that anything 
of this kind actually occurs in Nature. I think there is, although I 
admit that the evidence is not very varied as far as we know. 

First as to the Vegetable kingdom. It is well known that many 
plants take up silicon in some form from the soil, and use it in 
ways which my botanical friends tell me they do not at present 
understiind. Silicon is present in the straw of cereals, such as wheat, 
oats, etc., and in most of the Oraminm. It was supposed that the 
stiffness of the straw was secured by a siliceous varnish, but this view 
is not now in favour, as it has been found possible to remove silica 
from the straw by careful treatment, without diminishing its rigidity. 
It is also present in the leaves of some palms, for my friend. Dr. 
Hugo Muller, in the course of his extensive researches on the sugars 
present in certain palm leaves, has been much troubled by the presence 
in the extract from the leaves of siliceous compounds of unknown 
nature. Again, a well-known substance called “Tabasheer,” con- 
sisting largely of hydrated silica including some organic matter, is 
obtained at the nodes of some bamboos. What purpose silicon serves 
in these plants which seem to have special need for it we do not 
know, but the subject appears to be well worth closer examination 
than it has yet received at the hands of plant physiologists. 

I have on the table some good specimens of Tabasheer, and can 
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show some portions on the screen which have been rendered nearly 
transparent by soaking in benzene, and under these conditions exhibit 
traces of structure. 

Next as to the Animal kingdom. The most satisfactory evidence 
that we can at present offer as to the organ-building capacity of 
silicon comes, curiously enough, from some of the simpler organisms 
of the Animal kingdom, but the only group the short remaining time 
at my dispo^-al pnmits me to notice is that of the Sponges. 

'/ou know that these curious forms of undoubted animal life live 
in sea-water and are usually anchored to rocks. The sea contains a 
very minute proportion of silica in solution, and the sponge has the 
power of appropriating very considerable quantities in the course of 
its life, and as a part of its normal food supply. What does it do with 
this silica ? It appears to use it in cell production, and from the cell 
evolves the beautiful and minute siliceous spicules which are so 
abundant throughout the structure of many of the sponges. 

I have here some photographs of these spicules which I have had 
taken, and shall throw them on the screen. Two of the best of them 
have been made from microscopic specimens kindly lent to me by 
Professor Desdy,' of King’s College, London, who has made a special 
study of these spicules and of their inodes of growth. One of these 
slides is reproduced in the engraving. (See Fig. 1 on Plate.) 

These structures do not represent mere incrustations, but rather 
definite growtlis from the cell protoplasm and are themselves in the 
nature of cells of characteristic forms. Professor Dendy informs me 
that these spicules in certain cases become surrounded by a horny 
substance and seem to die, as if by cutting off the supply of energy 
as well as growing material. 

In some of the larger sponges, iis in the beautiful Euplectella 
aspergillum or “Venus’ Flower Basket,” represented in Fig. 2, the 
siliceous material constitutes the greater part of the sponge, as the 
soft portion resembles a 8ome^^hat gelatinous coating from which 
the exquisite siliceous structure is developed. 

To sum up, then, I have shown that silicon Ciiii easily take the 
place of carbon in many nitrogen compounds, as well as in othei*s 
not including nitrogen. It therefore seems to me that we hazard no 
very violent hypothesis in supposing that the silicon which enters the 
sponge in its food, probably as an alkaline silicate, is in the mar- 
vellous animal laboratory made to take the place of a portion of the 
carbon of the proto{)lasm from \vhich the spicules are ultimately 
developed. 

The hypothesis is at any mte suggestive, and 1 hope enough has 
been said to commend it to your consideration, for there seems to be 
• no doubt that silicon is capable of playing a larger part as an 
“ Organic Element,” than we hitherto hixd reason to suppose. 

[J.E. R.] 



Friday, June 11, 1909. 

His Grace The Duke of Northumberland, K.G. P.C. D.C.L. 

LL.D. P.R.S., President, in the Chair. 

Professor Sir James Dewar, M.A. LL.D. D.Sc. F.R.S. if.iZ./., 
Fullerian Professor of Chemistry, Royal Institution. 

Prohlems of Helium and Radium, 

[abstract.] 

Metallic Vacuum Flasks and Syphons. 

Progress in low temperature investigation is greatly aided by careful 
attention to questions of method. This ol)servation is specially 
applicable to vacuum-jacketed arraugeiuents for heat isolation. 
Silvered glass vessels are most useful, and give high isolation, but 
are subject to deterioration and collapse, all the more when their 
form is complicated. Thus the question of the production of good 
metallic vacuum- jacketed apparatus becomes highly important. If 
influx of heat by radiation and gas convection is dwainished as 
much as possible, metallic vacuum-jacketed vessels give no out- 
ward sign of the low .tenifierature of their contents. I have here a 
lead pipe nearly 100 ft. long (Fig. 1). Liquid air is flowing from 
the glass vessel A to the lower one B, which is connected to a 
suction ])ump at (h The pipe .shows no sign of frosting or con- 
densation of moisture, except at the two ends which di]) into the 
liquid air. The outside tube is the jac*ket to a smaller inner tube 
(w'hich is externally covered with a layer of flannel) in which the 
liquid air is flowing, the annular space between the two tubes being 
well exhausted. The vacuum is maintained high by some charcoal 
placed in a small enlargement I) at the end of the tube dipping 
into the liquid air reservoir A. 

I have here a double jacketed vacuum vessel of H litres capacity, 
made of nickel, full of liquid air. A little charcoal placed-^as des- 
cribed in my Friday Evening Address of 1906 -in the lower part of 
the flask, where itjs cooled to the temperature of the liquid air, keeps 
the vacuum between the walls m to the necessary perfection by 
absorbing adventitious gases. Tne neck of the flask is ihade of 
thin German silver, a badly conducting alloy, and is covered with a 




66 


LIBRARY OF SCIENCE 


spiral of worsted cord. This enables a silvered glass vacuum vessel 
to fit tightly over it and form a kind of open regenerator covering, 
through which the cold air coming from the evaporating liquid is 
directed spirally round the neck of the flask, thereby givatly 
retarding the heat conduction into the inner vessel, which chiefly 
arises from the outer metallic tube. 

Comparative Condensability of Gases by Charcoal at 
Liquid Air and Liquid Hydrooen Temperatures. 

The relative condensability by charcoal of the gases, air, hydrogen, 
and helium, can be shown by filling three similar sets of double tubes, 
shown in Fig. 2, respectively with samples of these gases. The two 
tubes of each set are filled with the particular gas at atmospheric 
pressure and the ordinary temperature, and dip into a little bottle of 
mercury, A. The tubes are bent twice at right angles and sealed up, 
as shown in the figure. Thus the closed end of either tube of eiich 
set can be cooled by immersion in a vacuum vessel containing liquid 
air or hydrogen. A gramme of charcoal is placed in the sealed end 
of one tube in each pair. For convenience of pressure observa- 
tions, an ordinary barometric tube C accompanies each pair of tubes. 
When the closed end of the air tube is cooled in liquid air, only a 
small contraction is observed, as shown by a slight rise of the 
mercury in the tube. If, however, the air tube which contains the 
charcoal is cooled all the air is thereby condensed, and the mercury 
quickly rises to the barometer height in the tube. Now take the 
pair of hydrogen tubes. As before, on cooling the tube without 
charcoal, only a slight contraction is shown, due to the cooling, but 
when the charcoal tube is immersed in the liquid air, aT]\iantity of 
the hydrogen is condensed in the charcoal, ancl the mercury rises in 
the tulie. The height.it attains, however, is noticeabh less than in 
the air-eharcoal tube, showing the smaller condensability of hydrogen 
in the charcoal at liquid air temperature. On cooling cither of the 
helium tul>es\\ith liquid air, practically no condensiition is shown. 
Now instead of liquid air, let us use liquid hydrogen, and cool first 
the air tube. Immediately the mercury rushes up to the barometric 
height, all the air being condensed into a solid of inappreciable tension 
of vapour, and the charcoal tube behaves in the same way. Now [)a8H 
to the hydrogen tubes. When the plain gjis tube is cooled, (juite a 
noticeable contraction is visible, because the temperature of liquid 
hydrogen is so low com])arcd to tin* hydrogen gas inside at the room 
temperature. On now cooling the charcoal-hydrogen tube, complete 
absorption is produced, and the mercury rises to the barometric height. 
The hydrogen, at the temperature of its own boiling point, is com- 
pletely absorbed the charcoal. Nov\' compare this with ihe set 
containing helium. On C(»oling the helium tube it behaves similarly 
to the plain hydrogen tube, but on cooling the charcoal tube, quite u 
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large diminution of pressure is produced, showing that even helium is 
condensed to a considerable extent by charcoal at 20° absolute. As 
the charcoals warm up, the condensed gases are again expelled ; the 
helium very rapidly, the hydrogen somewhat more slowly, and the air 
after some few minutes. 

[Brief explanation of low temperature researches with helium, 
illustrated by slides of the Royal Institution and Onnes Helium 
Plants ; Reference Diagrams.] 

Composition of Bath Gas. 

Hydrogen Nitrogen Inert Gas 

Liquid Bath Gas (most volatile part) 15 30 65 

Helium Neuii 

Inert Gas (Bath) .. .. .. .. .. 88 17 

,, (Air) 16 84 

Vapour Pressures op Liquid Oases. 

A a 

1 . Oxygen log. P = 7-012 — 378 -S/T 

2. Hydrogen = 5-981 — 63-6/T 

3. Gaa same volatility as 1 to 2 ., ,, = 5-182 — 10/T 

4. HcV.uiu' duJ'iccd from charcoal 

tensions .. .. .. .. ,, = 5-324 - 11/T 

5 Helium (Onnes) .. .. .. ,, = 6-496 — 16-3/T 

Critical constants and boiling points used in calculating 1, 2, 3, 5. 

T is the Absolute Tomporaturo, and P is Pressure in mm. of Mercury. 

The B constant is proportional to tho Molecular Latent Heat. 

Tlie boiling point of hydrogen is about 20° abs., its critical tem- 
perature 32° abs., and th(* critical pressure 13 atm. The corresponding 
figures for helium are approximately : boiling point 4J°, critical tem- 
perature 5J°, critical pressure about 3 atm. Onnes has, by evapora- 
ting liquid lielium under reduced pressure, reached a temperature 
of 3° abs. With the aid of some hypothetical element related in 
to helium, as helium is to hydrogen, we should be able to 
or possibly even i° abs., but not the absolute zero. The 
experimental approacli to the absolute zero has practically been 
made during the last thirty years. Far greater advances have been 
made during this period than in the previous 300 years, yet all the 
new knowledge acquired only shows the need for further research. 

Phosphorescence of Oases , — Twenty y cal’s ago, I endeavoured in 
a Friday Evening Discourse to demonstrate the phosphorescence of 
ozone and oxygen compounds. The effect of the impurities in the 
air was not then fully recognized. Geissler was the first to discover 
that phosphoresence may be produced in vacuum tubes. Becquerel 
considered that oxygen was essential to th^ production of such 

f henomena. The new apparatus may be undei’stood by referring to 
'ig. 3. On the brass cover, A, ground to fit air-tight to a glass 


volatility 
reach 1° 
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cylinder, B, more than 8 ft. in height and 8 in. diameter, is mounted 
an electric discharge-tube, C, stimulated from a transformer and 
])rovided with steel, platinum, aluminium, or other electrodes, about 
1 cm. diameter and 4 cm. long, the whole discharge tube being sur- 
rounded by a water-jacket, D. An exhaust-pump, capable of dealing 
with a large leak of gas, while still maintaining a pressure of from 
1 to 5 mru. of mercury, is connected to the metal base, M, on which 
the cylinder is mounted vacuum tight. This base is fitted with stop- 
cocks, and connected to a mercury manometer, E, for controlling the 
exhaust. The gases are admitted at the top, where they can be 
regulated by the cock, F. 

For obtaining pure air, oxygen and nitrogen, these gases were 
vaporized directly as recpiired from the respective liquefied gases 
through narrow lead pipes soldered to the top of brass tubes about 
1 ft. long and 1 in. wide, covered over the ends with flannel to act 
as a filter when dipped into the respective liquids contained in 
vacuum vessels. The narrow lead pipes arc connected t<> the inlet 
screw-down regulating valves, (1, fixed to the table on which the 
apparatus is set up, the common outlet tube, H, being connected by 
another narniw lead pipe to the stop-cock F at the top of the glass 
cylinder, passing through a small tubulated spherical bulb, K, into 
which organic and other vapours are introduced by saturating a little 
cotton wool rolled on the end of a wire with the respective organic 
liquids. This combination affords a very effective and ready means 
of obtaining large currents of gas in a state of purity, necessary to 
ensure good phosphorescence in large senile experiments required for 
lecture demonstration. 

The gas stream is thus seen to form a phosphorescent axial core. 
The discharge-tube is mounted on a ball and socket union, 
so that the gas stream can be deflected in the cylinder. A glass 
cup, h, mounted immediately under the top plate of the cylinder, can 
be turned under the orifice of the discharge- tube so that the enter- 
ing gas stream impinges into it. The gas stream is thus broken up 
into a luminous cloud overflowing the cup and filling the upper part 
of the glass cylinder. A horizontal metal plate, c, can similarly be 
moved into the stream ; this causes a general scattering of the 
beam. When the air current is started, it rushes down the tube at 
a velocity of about 1000 ft. a second, and a steady brilliant phos- 
phorescent stream appears down the whole length of the cylinder. 
On increasing the amount of the entering air, the stream is shortened 
and assumes a brush-shaped formation. A thermo- junction, con- 

nected to a reflecting galvanometer, indicates change of temperature 
when the phosphorescent stream, passes over it. Similarly the beam 
can be deflected on to a small insulated metal sphere, e, con- 
nected to a charged electrometer,/. When this is done, rapid dis- 
charge of the electrometer shows the ionization of the gas particle 
forming the phosphorescent stream ; even should phosphorescence be 
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feeble or absent, as wibli some gases, the ionization can be demon- 
strated. A long thin glass tube sealed at the end can be inserted 
through a hole in the top plate of the cylinder and filled with liquid 
air when necessary. Nitrous acid and nitric peroxide are condensed 
upon it when placed in the phosphorescent stream. This is proved 
by the well-known Starch Iodide of Potassium and Griess Reactions. 
It is extremely difficult when using this large apparatus to prevent the 
formation of some nitrous acid even if liquid oxygen is evaporated ; 
and thus the proof that the phosphorescence is really due to ozone 
alone and not to nitrous compounds is not jMjrfcctly conclusive. If a 
current of carbon dioxide is substituted for air, the phosjdiorescence 
is marked but much more feeble. Hydrogen gas alone gives no lu- 
minosity, and if a trace of hydrogen is added to the pliosphorescent 
stream obbxined by the evaporation of liquid oxygen or liquid air the 
phosphorescence at once disappears. Thus 5 per cent, of hydrogen by 
volume stops the glow in very pure oxygen, while 10 per cent, is re- 
quired to arrest the light-stream in air. The rate at which tlie gas 
passes through the discharge- tube makes a difference in the intensity 
of the glow, but the presence of more or less moisture has little effect. 
A little ether vapour or benzol behaves like hydrogen, arresting all 
phosphorescence, and the luminosity does not reappear until all the 
vapour has been carried away by the continually renewed pure gas 
stream. All volatile organic bodies containing hydrogen stop or 
diminish the phosphorescence. On the other hand, volatile organic 
substances containing no hydrogen, such as carbon bisulphide, still 
give phosphorescence, but pure cyanogen or tetrachloride of carbon 
vapour give no luminosity. Pure ciirbon bisul])hide and sulphur di- 
oxide vapour alone give good phosphorescent streams -^t suitable 
tensions. The glow with very pmc oxygen is short but distinctly 
more brilliant than tluit given by air. Nitrogen obtained from the 
liquefied gas gives only a feeble and very diffuse glow\ This gas 
contiiins 'a few per cent, of dissolved oxygen, the presence of which 
causes the glow', as pure nitrogen gives no visible luminosity with this 
kind of electric discharge. 

Radium and its Emanation. 

What has all this to do with Radium ? It is now known that 
bodies like ozone and nitric-oxide are produced from dissociated 
molecules at very high te m per.it uies under considerable absorption of 
heat, and that sucli bodies are unstable. That may give us a clue to 
the formation of radio-active bodies. In my Friday Evening 
Address for the year 18«h, I remarked: “Ozorie is formed by the 
action of a high tefmperatun* owing to the dissociation of the oxygen 
molecules and their partial recombination into the more complex 
molecules of ozone. We may conceive it not improbable that some 
of the elementary bodies might be formed somewhat like the ozone, 
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but at very higli temperatures, by the collocation of certain dis- 
sociated constituents and with the simultaneous al)sor))tion of heat.” 
This suggestion of endothermic elements was made lifteen years 
before the isolation of radium, and the proof of its continual thermal 
emission by the Curies. Rutherford has shown that the de-electrificd 
particle of the ^«-rays of nidium turns into ordinary helium, and 
radium itself has been traced to uranium as its parent. As far as 
our knowledge of the emanations of radio-active bodies goes, it would 
seem that they are substaiujes a little more volatile than carbon dioxide. 
The annexefl tables show the relative atomic weights and volatilities 
of the Series of Rare gases. 


New Constituents of tue Atmospuerb. 


Atomic Wei((ht Boiling Point aha. 

Helium .... 

Neon (new) 

Argon (inactive) 

Crypton (hidden) 

Xenon (stranger) 

X 2 Radium emanation 

Radium FjManation 
Vapour Pressure. 



A. 

B. 

( — 101^) Butherford 

Log P. 

^ 7 -020 

- 1020/T 

M 

= 7-332 

- 941/T 

(-m) ’‘“““y 

»• 

= 6*950 

- 859/T 


/LogP.'l 
\ Xenon ) 

1 = 6*963 

— 669/T 

>» »> 


20 

40 

82 

128 

172 

222 


32 

87 

1?1 

1G4 

211 


The volatilites of the rare gases and that of the emanation of 
radium are here expressed by the well-known Rankin equation — 

Log P = A - 


where 1’ and T are the pressure in mm. of Hg and the absolut-e tem- 
peratnri' ivspeetively, and A and B are constants ; is here propor- 
tional to the molecular latent heat. The Uibles thus show that not 
oidy does the emanation fit into a series with the rare gases when 
classified ('hemically, but that also in its chief physi(‘al ])roperties it 
allows of such a grouping. It seems probable, therefore, that and 
of which the latter is the radium emanation, together with that from 
thorium and actinium, would suitably find a place in this series of 
gases. It may he added that the B constant for liquid carboriic 
acid is 869 ; that for sulphuretted hydrogen t- a little lower. The 
radium emanation, therefore, is of the siime order of volatility as 
these substances. 
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Rate op Formation of Helium prom Radium. 

I determined the rate of production of helium from radium in 
an apparatus consisting of a McLeod gauge, in the construction of 
which no indiarubber joints were used, the mercury reservoir being 
connected to an exhaust pump, while the elevation and lowering of 
the mercury was carried out by admitting and exhausting air in the 
reservoir. The air c>oming in conhict with the mercury, was purified 
by passage over stick-potash and phosphoric anhydride. Sealed on 
to the gauge was a long U tube containing J grm. of cocoanut 
charcoal placed in a small enlargement at the bend, the whole being 
arranged for liquid air or other cooling for any desired length 
of time. The object of this cooled charcoal is to take up and 
condense all adventitious gases, other than hydrogen or helium, 
which might arise from minute leiikage, or otherwise be generated 
in the apparatus. The nidium chloride was contained in a small 
bottle standing in a cylindrical glass bulb, connected by a T joint 
to the U tube. To the other arm of the T was sealed a bulb 
containing about 15 grin, of cocoanut charcoal for producing a high 
exhaustion in the apparatus when cooled to - 100'' Fig. 5 shows 
the aiTangement of the apjiaratus, except that the special joint B there 
shown was employed subsequently, as described below. The whole 
apparatus was well exhausted by median ic<il means, all the glass 
tubes being heated as well as the charcoal receptacles and the radium 
chloride. On immersing the receptacle containing the 15 grm. 
charcoal in liquid air foi; some hours, while the J grm. charcoal and 
the radium chloride were kept hot, an exhaust of 0’()()(J!X5 mm. was 
obtained. This charcoal receptacle was now sealed off, and the small 
\ grm. charcoal tube cpoled in liquid air. In two hours an exhaust 
of 0* (>00054 mm. was reached. 

Tlie* volume of the gauge and apparatus being approximately 
200 C.C., the pressure in the apparatus, gives by a simple calcula- 
tion the actual volume of gas produced measured at atmospheric 
pressure and the temperature of the laboratory, and thus tluj rate 
of production of helium is obtained. This, referreil to the weight 
of radium present, gives the increment in terms of cubic milli- 
merres of gas per gramme of radium per day. During the first three 
days the growth of pressure was very small, corresponding to about 
0*3 c.mm. per grm. of radium per day. Tlie cooling of the small 
charcoal was, however, interrupted owing to the holidays. The 
emanation consequently was not now completely condenled, but 
diffused int<j the McLeod gauge, where it had the opportunity of 
coming in contact;^ with large surfaces of glass which no doubt held 
traces of organic matter and water. The result would “be that 
hydrogen would be produced, and errors in the dcteriiiinatioti would 
accrue. This was practically confirmed in that the growth of pressure 
observed was very irregular, and a further experiment was carried 
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out to which these objections did not apply. In this experiment 
the gauge as well as the connecting tubes were well cleaned out 
with nitric acid, and all thoroughly dried. The radium, after the 
1100 houis in which it was under high exhaustion with frequent 
heating, was certainly in a more satisfactory condition. Further, 
to prevent the unchecked action of the emanation throughout the 
apparatus, the little charcoal condenser was maintained at a degree 
or two below that of the boiling point of oxygen by the use of old 
liquid air for a period of about six wrecks. A larger quantity of char- 
coal was used, viz., 1 grni., the more effectively to condense out 
extraneous gases while leaving any helium subsUmtially unaffected. 
This charcoal had been treated with chlorine at a red heat, and 
subsequently with hydrogen. 

Beyond this the conduct of the experiment followed the lines of 
the former one. The mercury pump exhaust was continued for 
several hours — the charcoal being well heated meanwhile —and was 
carried to O’ 002 mm. Tlu* large charcoal bulb was then cooled 
for several hours in lirpiid air while continuing the heating of 
the 1 grm. of charcoal and the radium salt. A pressure as low as 
0*00005 mm. was thus obtciined when the charcoal was sealed off. 
On now pittci’iij; ihe U tube containing the 1 grm. of charcoal in 
liquid air the pressure registeriMl was 0*000041 mm. 

These conditions' were maintained for live days, during which a 
steady growth of pressure was observed corresponding to an incre- 
ment of approximately 0*;l c.mm. per grm. of radium per day. 'J'he 
radium was then heated with a small Bunsen flame as before to below 
a red heat, when the pr(‘ssure was increased by about 40 per cent. 
This increase showed no sign of disappearing, but during the next 
week a decided but somewhat irregular growth of pressure was 
recorded. The radium was again heated, when a further increase of 
pressure was observed. In the succeeding live days it remained 
steady, only to b(* again increased on heating the radium. This 
treatment was repeated in all ten times at varying intervals during 
1100 hours, and in each case the pressure rose on heating and 
remained faiily steady on standing. All the observations of the 
second set of experiments arc graphically represented in Fig. 4. A 
mean line is drawn through the observations tiiken with the radium 
heated, giving a steadily maintained helium incnmient of approxi- 
mately 0*37 c.mm. per grm. of radium per day. 

In order to ascertain if any helium w as occluded in the cooled char- 
coal and the surrounding glass, the latter was raised to near a low red 
heat while the tube containing the radium (jhloride was temporarily 
cooled in licpiid air, with the object of condensing out and localising 
the emanation coming from the heated chai’coal and preventing its 
access to the gauge. I'he temperature was maintained for an hour, 
and the charcoal was then allowed to cool, auw finally re]daced in the 
liquid air. The radium chloride was then allowed to warm up, and 
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was heated to near a low red heat for a short time. After these 
alterations no increase in pressure was observed, from which it may 
be inferred that the occlusion of the helium takes place mainly in 
that part of the apparatus where the radium chloride is situated. 

On two occasions the charcoal was cooled in liquid hydrogen, 
viz., after 165 hours, and again after 650 houra. The proportionate 
reduction of pressure was the same in both cases, tending to show 
that the comjwsition or nature of the gas remaining uncondensed by 
the charcoal in liquid air remained the same throughout, although 
steadily increasing in quantity. 

In reference to this last point a separate experiment was made 
in which pure helium produced by heating 0*5 grm. uranite and 
passing the gas produced over 1 grm. charcoal cooled in liquid air, 
was subjected, at a small tension measured on a McCleod gauge, to 
the action of ^ grm. of clean exhausted charcoal at the temperatures 
of liquid air and liquid hydrogen respectively. The ratio of the 
two pressures so obtained was in close agreement with that observed 
in the radium experiment. 

A further test of the purity of the gas producing the permanent 
pressure observed in the radium experiment with the charcoal cooled 
in liquid air was made by simply cooling the bulb containing the 
radium in liquid hydrogen, allowing the charcoal meanwhile to warm 
up to 0° C. If any hydrogen had been present in the gas it is certain 
that there would have been an increase of pressure recorded, since 
although hydrogen is partially absorbed by charcoal in liquid air, yet 
it would not be materially reduced in pressure by cooling in liquid 
hydrogen. On allowing the charcoal therefore to warm up, any 
hydrogen thus expelled would remain and cause an incraased pres- 
sure. Inasmuch as an increase was not recorded, it can be safely 
assumed that no hydrogen was present, and thus the gas pressure 
measured consisted entirely of helium. 

A confirmation of this was obtained spectroscopically as follows : 
Two tin foil electrodes were placed round the narrow capillary 
measuring-tube of the gauge, near the closed end. These were about 
3 cm. long and about cm. apart, and were wired on with thin 
copper wire. The gas was compressed into this capillary space, as in 
taking an ordinary mejtsure, to any pressure of the order of 2 or 3 mm., 
while an induction discharge passed in the gas. The spectroscopic 
examination of this discharge revealed only the six principal helium 
lines, mercury, and a trace of the carbonic oxide spectrum. I have 
shown that the carbonic oxide spectrum always occurs in electrode- less 
tubes.* 

The curve showing the rate of production of helium is clearly 
linear within experimental errors, as shown in Fig. 1. The volume 
of the gauge given was unfortunately erroneously estimated, and the 
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correct value was found subsequently to be 270 c.cm. This would 
give an increment of 0*499 c.min., which must be taken as the 
true value obtained from this experiment. 

The determination of the rate of production of helium made after 
a long period of storage was carried out as a confirmatory experiment. 
Fig. 5 shows the general an'angements of the apparatus used for this 
determination. A is the 1-grm. charcoal U-tube, D the 15-grm. ex- 
hausting charcoal bulb ; the Ra 2 bottle is shown at C. This is 
similar to that employed in the shorter period determination, with the 
exception of a special vacuum-tight joint at B. This joint was so 
constructed that after thoroughly exhausting the gauge, etc., the 
drawn-out neck of the radium bulb could be broken off, thus allowing 
the pressure of the accumulated helium from the radium in the bulb 
to ^ rapidly determined. Just previous to such breaking the 
1-grm. charcoal U-tube was phiced in liquid air, in which it remained 
during all the subsequent operations. The amount of helium pro- 
duced from 70 m.grm. of radium chloride during nine months was 
thus measured, and gave a pressure of O'OlGil mm., which is equi- 
valent to a uniform rate of production of 0 463 c.mrn. of h(*lium 
per gramme of radium per day. The experiment was now con- 
tinued for some five weeks on the lines of the former determina- 
tions, observations of pressure being made daily to observe the rate 
of production of helium from the radium while thus connected with 
the gauge and cooled charcoal. 

At weekly intervals the radium was heated, and a rise of pressure 
was recorded. Between the times of heating, the pressure fluctuated 
somewhat, but in general only gave evidence of rising. Tlyjough the 
“ heated ” observations, which were six in number, the nearest straight 
line was drawn, as in the earlier experiments. The calculated incre- 
ment so obtained, howeVer, had a value as high as 1*26 c.mm. of 
helium per. gramme of radium per day. This high value is untenable, 
and is explained by the action of the radium emanation on the surface 
of the vaselined rubber joint producing hydrogen, which would 
remain uncondensed by the coolea charcoal. 

Thus we have 0 • 499 c.mm. as the value of the helium produced 
from the short-period experiments, and from the long period deter- 
minations the value 0*463 is obtained. The actual value is most 
probably between these two figures. 

I am not aware of any previous direct measurements of the rate of 
production of helium from radium, but in a paper on “ Some Properties 
of Radium Emanation,” by A. J. Cameron and Sir William Rau)say,* 
the ratio of the amount of helium produced to that of the emanation 
was found to be 3* 18, and as the amount of the emanation foupd by 
them was about 1 c.mm. per gramme of radium per day, the fesult- 
ing helium, according to this experiment, ought to reach alx)ut Samm., 

* JourD. Chem. Soc., 1907, 1274. 
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or at least six times the mte of production found in the above 
experiments. T am at a loss to explain the origin of such gi^ave 
di8cre])ancie8 in the measured amount of the helium produced by 
radium. On the other haml, Professor Rutherford, in his work 
entitled “Radio-active Transformations,” 1906, page 186, on the 
theoretical assumption that the particle is an atom of helium carrying 
twice the ionic charge, deduced from electrical measurements that the 
number of {wirticles ex|)elled per year per gramme of radium would 
reach 4 X 10^", and as 1 c.cni. of a gas at standard temperature and 
pressure contains 3*6 x 10'*^ molecules, the volume of helium pro- 
duced per year would amount to 0*11 c.cm., which is equivalent to 
about 0*3 c.mm. per day. 

It is interesting to note that a more recent calculation made by 
Rutherford from theoi'etical considerations of radio-a(*tive data, gives 
a result of ()*4r) c.mm. of helium per gramme of radium per day, as 
compared with the earlier calculation of about o 3. The agreement 
between experiment and the theoretical prophecy of Rutherford is 
remarkable* considering the dif!i(‘ulties to In* ov(Tcome in the observa- 
tions: substantiating as it does tlie accuracy of the theory of radio- 
active changes* whicli lie has done much to develop. 

If the helium in the atmosphere was ])roduced chiefly from the 
radium ])res(*nt in sea- water, Strutt’s experiments demand lOb million 
years for its accumulatio]i. July’s examination of samples of the 
ocean beds from the ‘ (Miallenger ’ Expedition revealed the presence 
of considerable amounts of dilfused radium, Avhich \\ould shorten this 
j)eriod. Such conclusions are based on the estimation of very minute 
(juantities of radium, and it is just as likely that hO million years 
might suffice to account for all the helium present in thelatmosphere 
as the 100 millicm year estimate given above. 


[j. 1).] 
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Light Reactions at Low Temperatures. 

[abstract ] 

The physiological action of li^ht wjis the subject of niy first Friday 
Evening Lecture. At that time it almost seemed that we should not 
materially add to our knowledge of physiological problems by the 
application of very low temperatures. Later researches conducted in 
conjunction with Professors McKendrick and Macfadyen established 
that mere cooling did not destroy putrefying organisms, and also that 
other bacilli were not destroyed by continued alternations of warmth 
and extreme low temperatures. Seeds which had been kept for six 
hours in liquid hydrogen suffered no loss of vitality, neither did 
bacteria. It has been thought that chemical action is impossible 
at the low temperatures now obtainable, but there are reactions 
which are still possible. As an example your attention wilfhe d^uv^ n, 
among other things, to the results of some recent experiments on 
phosphorescent bacteria; these organisms being pe(‘uliarly adapted for 
investigations of this kind from their special property of producing 
luminosity during life. 

In dealing with light reactions, care must be taken to exclude the 
action of the radiant heat which always accompanies it. This involves 
the need of some arrangement like a water cell built up with quartz 
windows, which absorbs heat but is transparent to invisible light of 
short wave-length. 

Erperiments showing some effects of light radiation . — Here is a 
tall glass jar containing some chlorine peroxide, a yellow gas mi.xed 
with the air. When the radiation from ihe arc lamp is made to pass 
through it, decomposition is at once evident from the cloudf^ which 
are formed. 

The change of colour by cooling which is shown by some substances 
is of a different ordfer. A strip of paper coated with red iodide of 
mercury can be cooled by simply dipping half-way into liqiiid air. 
The effect is to change the red to yellow in the cooled region. 

The fluorescent appearance of some bodies when exposed to light is 
well known. This tall cylinder contains simply water, illuminated by 
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a vertical beam of violet light reflected in from an arc lamp. A 
few minute fragments of solid eosin thrown in, gradually dissolve, 
producing a red solution. The specks of eosin as they fall through 
the water leave behind a brilliant yellowish fluorescent track which 
soon permeates the whole solution. The violet rays are absorbed by 
the eosin, and subsequently emitted in the form of this beautiful 
greenish yellow colour. 

A somewhat similar fluorescent or phosphorescent effect is pro- 
duced by some bodies at low temperatures. On the outside of this 
long test tube is spread some ordinary egg albumen. This can be 
cooled down and frozen by simply pouring a little liquid air into the 
tube. When exposed to the light of the arc the frozen albumen 
shows a beautiful blue phosphorescence. A second tube covered with 
glycerin and similarly frozen shows a like effect. Zymase or yeast 
juice, obtained by breaking up yeast-cells and extracting the liquid 
contents, shows marked phosphorescence. All culture media used in 
bacteriological research behave in the same way. An ivory paper- 
knife cooled by dipping into liquid air phosphoresces brightly. A 
strip of gelatin behaves in the sfime manner, so also an ordinary 
pamflin candle 

Tliese substances all show phosphorescence at the low temperature. 
Calcium sulphide on the other hand is a body which will phos- 
phoresce at ordinary tem]>eratures, and it becomes interesting to see 
what will bo the effect of cooling on this luminous paint. This 
star-shaped piece of cardboard, which has been coated with calcium 
sulphide, shows strong pliosphoresceiice at the ordinary temperature. 
Now float it on some liquid air in a dish, and you observe the light 
becomes dim and disiippears. Warm it up by merely waving it in 
the air, and very soon it again gives out its characteristic light. 
This vacuum vessel contains a similar star which has been kept in 
liquid air for 24 hours. On taking it out the dark star becomes brightly 
luminous. Its pbosphorescing properties are stored up or rendered 
latent so long as the low temperature is maintained. In order to 
become phosphorescent the body must first be exposed to light. It 
is interesting to see whether cooling to the temperature of liquid air 
before and during such an exposure has the effect of preventing 
subsequent phosphorescence. A similar sulphide of calcium card- 
board star which has not been exposed to light and is consequently 
non-luminous at the ordinary temperature, is floated in an aluminium 
dish on the surface of litiuid air, and when thoroughly cooled to 
- 185% exposed to violet light. All remains dark, but on allowing 
i'v to warm up we see that light-energy must have been absorbed at 
the low temperature, because the star now phosphoresces in a marked 
degree. If this experiment is repeated, using liquid hydrogen instead 
of liquid air, the same effects are observed. 

All these substances absorb ultra-violet light and transform it 
into visible phosphorescence. By a similar absorption other bodies, 
however, possess the power of yielding other forms of energy. The 
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case of oxygen is interesting. This is tmiisparent to beat, but has 
many absorption bands for light in the visible spectrum, and also 
has the power of absorbing the ultra-violet. Nitrogen, on the other 
hand, is relatively transparent. An ordinary spectrum is shown 
on the screen. A flask containing liquid oxygen is introduced 
into the beam, and several dark bands are produced, showing the 
absorptive power of the liquid. A similar vessel of liquid nitrogen, 
however, shows no such bands. These two spherical vacuum flasks 
of liquid oxygen and liquid nitrogen respectively can be placed 
in the parallel beam of the arc, and it will be seen that they both 
act as an ordinary lens and converge the light to a focus. On 
holding a piece of black paper in the focus, very soon a hole is 
burnt through and the paper ignites, the heat rays being evidently 
transmitted. We wiU now project a few photographs of absorption 
spectra of both liquid nitrogen and liquid oxygen admixed with it in 
various proportions, also similar slides of absorption spectra of yeast 
juice, gelatin, glycerin, etc., etc. These photographs were taken with 
a quartz spectrograph, using for the most part a cadmium-magnesium 
spark. All the photographs show marked absorption in the region 
of the ultra-violet. 

Photo-electric Celh, — Cells can be constructed whereby light 
energy can be transformed into electrical energy. This cell has 
plates* of silver coated with chloride of silver, placed in dilute sul- 
phuric acid in a quartz tube, and is connected to a reflecting 
galvanometer shoeing a spot of light on the scale. AVhen light is 
allowed to fall on one of the ]>lates a deflection takes place. Tlie 
chemical decomposition produced by light is transformed into elec- 
trical energy, causing an electric current. Other forms'^f light 
cells tilled with liquid mixtures sensitive to light have been used in 
recent experiments. Thejir general construction is shown in Plate I. 
figs. I. and II. A is a fine platinum wire (secured in the paraffined 
cork in the base of the tube), drawn tight against the inner 
surface, and fixed over the top edge by soldering on to stouter 
copper wire wound round the outside of the top of the tube. 
A thick platinum wire 1^ is placed at the back to act as the second 
electrode. The cell is conveniently mounted in a paraffin block in 
which are two depressions for mercury cups to connect the two 
electrodes. A is thus made to enclose a thin film of liquid between 
itself and the w^all of the tube. Any change in the composition 
of this external film will not diffuse rapidly into the cell liouid, 
and thus differences of electrical potential so produced will be 
detected by means of the galvanometer. One of the two cells on 
the table contains a saturated aqueous solution of chlorine perokide, 
the other a 20 per cei:||i. solution of uranium nitrate in methyl alcshol. 

When a beam of light from the lantern is directed on to the 
chlorine peroxide cell a good deflection of the galvanometer ia ob- 
served. On shutting off the light the disturbance soon passes away, 
as a uniform diffusion in the cell is effected. The uranium nitrate 
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shows an even greater deflection, which does not die away so quickly 
unless we short circuit the cell. Such electrical effects depend upon 
the temperature of the cell. ’ On cooling the uranium nitrate cell 
with a pad of cotton wool saturated with liquid air the alcohol will 
be cooled down to its freezing point, and now no electrical action 
takes place. In fact a temperature of only - 80” C. is sufl&cient to 
arrest any current, the solution being then congealed to a jelly. 

The ordinary photographic action of light is similarly prevented 
by cooling to a low tempeiature. A piece of photographic paper 
kept cooled locally in a patch of about 3 in. diameter by a cotton 
wool pad soaked in liquid air w’^hile exposed to the electric beam is 
blackened, except in the cooled patch which remains unacted upon. 

The photographic action of ordinary light is largely restricted to 
the ordinary temperature. When we come to ultra-violet light we 
have a different state of things. This radiation is capable of pro- 
ducing effects at the temperature of liquid air and even liquid hydrogen. 
A convenient and powerful source of ultra-violet light is the electric 
arc in mercury vapour contained in silica tubes. Glass tubes would 
of course absorb the ultra-violet light besides being liable to fracture 
from the high t^'^nperature of the lamp. An arc between copper and 
carbon poles in air is also available as a source of ultra-violet light, 
but is not so convenient to w’ork as a modern mercury vapour lamp. 
In all my later experiments on phosphorescent bacteria the mercury 
lamp has been used. Tlie general arrangement of the apparatus’ is 
shown in Plate II. figs. i. and ii. Liquid oxygen is highly absorptive 
of the ultra-violet light. If a few cubic centimetres of liquid oxygen 
are poured into a shallow silver dish floating on liquid air, and a 
quartz cell containing water to the depth of a centimetre is arranged 
to absorb the bulk of the heat radiation, the ultra-violet rays can 
continue to act on the liquid oxygen for a considerable time. 
Pouring the remaining liquid oxygen into an ordinary glass beaker, 
in which are suspended some strips of paper treated with potassium 
iodide and starch solution, the presence of ozone in the evaporating 
liquid is evident from the dark blue colour produced. To prove 
that this is the effect of the ultra-violet radiation the experiment 
will be repeated, with a very thin lamina of mica, which is opaque to 
the ultra-violet, interposed between the mercury lamp and the liquid 
oxygen. In this case no ozone is produced, the strips of paper re- 
maining quite white after the exposed oxygen is poured into the 
beaker. The smell of ozone during the evaporation of the liquid air 
is the most delicate and characteristic proprty of the body. If the 
ozone has to be estimated quantitatively, then the liquid oxygen after 
exposure to the ultra-violet radiation of the arc or mercury lamp is 
transferred to a small vacuum vessel B (Plate I. fig. iv.) and 
allowed to slowly evaporate, the gas being bubbled through iodide of 
potassium solution in the vessel A. In order to prove that the 
formation of ozone can take place in liquid oxygen, avoiding any 
action on the gas, a quartz vacuum vessel (Plate I. fig. in.) nad a 
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concentrated beam from the arc condensed in the liquid by means 
of a quartz lens D. After an hour’s exposure ozone could easily be 
recognized. 

The exposure at liquid hydrogen temperatures is somewhat too 
dangerous to carry out on the lecture table, but solid oxygen in 
liauid hydrogen contained in a quartz vacuum tube has also been 
subjected to the ultra-violet radiation. When the liquid hydrogen 
evaporated away, ozone came off from the liquefied oxygen during 
its evaporation, so that the production of ozone was still possible 
even at 20® A. from the impact of ultra-violet rays on solid oxygen. 

Experiments on the action of ultra-violet light on phosphorescent bac- 
teria at low temperatures. — The Photobacterum phosphorescens is also 
known as Photobacterium phosphorescens gelidus. It is the most widely 
distributed and best known of all photogenic bacteria. It occurs on 
the bodies of nearly all dead fish and is most easily obtained from 
dead herring or mackerel. The light emitted by this Bacillus is of a 
brilliant green colour which provides an easy means of identification. 
The cult/ure-medium must contain certain inorganic salts characteristic 
of sea-water. A good artificial culture-medium has the following 
composition : — 

1 litre of beef broth peptone gelatine. 

Sodio chloride 26*5 grammes. 

Potasaio chlomde 0*75 „ 

Magnesic chloride . . *. 3*25 „ 

The microscopic appearance of these bacteria at different ages, 
and also when grown in different culture media, are shown in 
Plate III. Several cultures of these organisms, kindly prepared by 
Mr. Henry Crookes, are on the table. At the temperatttVe of the 
room they are very bright. This large shallow tin vessel contains 
a good bright culture, and on to it some liquid air can be poured, 
which rapidly destroys the luminosity of the bacteria. The organisms 
are not mlled, for on waving the tin in the air, thus allowing it 
to warm up, the brightness again appears. While the organisms 
are at liquid air temperature they can be exposed to the action of 
ultra-violet light. For this purpose a smaller culture in a tin dish is 
floated on Uquid air by the arrangement shown in Plate II. fig. i. 
A is a tin or aluminium dish about 10 cm. wide and 2 cm. high, 
in which is placed the smaller dish containing the culture. Tnis 
arrangement is supported by a cork float on the liquid air contained 
in a glass silvered hemispherical vacuum vessel B. On B, a shield C 
rests, consisting simply of two polished sheets of tinned iron, fixed at 
a small distance apart, which protects the liquid air in B fro|n the 
heat radiation. C is pierced % a central hole rather wider than A, 
in which a quarta^iw D, about 1 cm. high, is placed, filled with 
water to act as a heat filter. This arrangement can be placed either 
under the arc or the mercury lamp, whichever is being employed. 

Five minutes’ exposure at a distance of a few inches from the 
mercury lamp is usually sufficient to kill the bacteria when they are 



LIBRARY OF SCIENCE 


85 


located on the surface layer of the culture medium. The exposed 
culture is taken out and allowed to warm up in the air. No bright- 
ness supervenes even after the culture is kept for several hours. 
A few colonies will occasionally develop on keeping for a day, but 
this is because the growth of the bacteria has extended down- 
wards into the medium, and are thus protected from the radiations, 
since a thin layer of the culture medium is sufficient to absorb the 
ultra-violet. If a metal plate, out of which a cross has been cut, or 

E erforated metal is placed on the surface of the frozen bacteria 
efore exposure to lignt, the appearance of the surface of the bacteria 
when allowed to heat up to the ordinary temperature is shown in 
Plate IV. fig. Ti. 

There are sources of deception possible in this work, unless proper 
precautions are taken. If the dish containing the culture is floated 
direct on the liquid air, and especially if it be heavy, causing the 
level of the culture to be below that of the exterior liquid air, it fre- 
quently happens that a thin layer of liquid oxygen makes its appearance 
on the surface of the culture, either by condensation at the lower 
level, or by capillary action, or even spraying. In this case we have 
the complications produced by the absolution of the ultra-violet light 
by the thin oxygen layer, and the possible action of the ozone pro- 
duced. In many cases surprising results were obtained, in which the 
organisms seemed to remain alive even after long exposures. In 
addition to this there was the possibility of condensation on the cold 
culture of both moisture and oxides of nitrogen, the latter always 
present in the air round such a mercury lamp, although while the 
culture is in the liquid air, the atmosphere over it is for the most 
part kept clear of contamination by the evaporating oxygen and 
nitrogen. Another arrangement was used in order to allow the 
ultra-violet radiation to act on the bacteria in an atmosphere of 
hydrogen or pure nitrogen, thus eliminating any of the secondary 
reactions mentioned above. Plate II. tig. ii. shows such an arrange- 
ment. A simple thin sheet metal box M is titted with a quartz 
cover N, which slides tightly into it. The dish A, containing the 
culture, is placed in M, into which also a narrow lead pipe P opens. 
The whole arrangement can be supported by P in any position in 
the vessel of liquid air. Through P hydrogen or nitrogen can be 
passed, the excess escaping round the joint of M and N. Adopting 
such precautions made no difference in the efficiency of the ultra- 
violet in killing off the bacteria at low temperatures. 

The luminosity of these bacteria may remain latent for consider- 
able periods. Oxygen is necessary for their activity, but they 
will remain alive, although dark, if air be excluded for several 
weeks, although they then need a little time to develop their activity. 
The curves of Plate IV. fig. i. are interesting, and show the rate of 
growth of two identical colonies in air and a vacuous flask resj^c- 
tively. The ordinates represent the diameter of the colonies in milli- 
metres. The abscissae show the age in days. Curve No. fii) 
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shows the powth in a flask kept yacuons for fifteen days, and then 
opened to the air. Curve (l) is the growth of a colony in an ordinary 
open flask, which, however, was exhausted and sealed on the fifteenth 
day. Curve (ii) is practically a horizontal line during the fifteen 
days of exhaustion, snowing no development of the colony, whereas 
during this time curve (i) shows a steady increase. After the fifteen 
days, however, curve (ii) begins to develop, and shows an increase 
corresponding to the opening of the exhausted flask. The effect 
of oxygen can be illustrated by a few experiments. This flask 
contains some broth culture of these bacilli, and is only feebly 
luminescent, but on bubbling oxygen through the liquid the froth so 
formed is exceedingly bright, the bacteria being excited by the oxygen 
to great activity. Here are three flasks over the interior surface of 
which some phosphorescent culture medium has been spread, followed 
by exhaustion of the flasks. They have remained so for one, two, 
and three weeks respectively. Upon opening these flasks the 
luminescence will once more re-establish itself by the action of the 
oxygen so admitted, although (especially in the case of the three 
weeks’ old culture) its full brightness will not develop for 24 hours. 

The phosphorescent bacteria behave differently towards various 
metals. Various cultures have been prepared, and plates of various 
substances placed thereon, and remarkable effects obtained. Some 
reproductions of these are shown (Plate V. figs. 1 to 0). Thus, a 
disk of zinc caused death to the organisms in a considerable zone 
surrounding it. Similarly, also, copper and silver, and especially 
mercury, which is particularly fatal. Tin, on the other hand, is 
inactive. 

A piece of the metal whose effect it is desired to examiffe is placed 
in the centre of the tin dish containing the medium infected with 
the phosphorescent bacteria. The growth of the phosphorescence is 
then observed. Several metals have no apparent effect. Among these 
are gold and the platinum group, tantalum, cadmium, magnesium and 
tin. Similarly coconut charcoal, graphite, and selenium have no 
effect. Sulphur seems actually to stimulate the bacteria which cluster 
brilliantly round it on the culture, leaving the rest of the plate rela- 
tively dark. The metals which have been found to slightly check 
the growth in their neighbourhood are bismuth, thallium, lead and 
nickel. The alloys German silver, hard brass, and aluminium bronze 
have also only a slight effect. A stronger action is shown by iron, 
aluminium, zinc, copper and soft brass. The more deadly metals are 
cobalt, silver, mercury, antimony, arsenic, and phosphor bronze. 
Chloride and bromide of silver, cyanide of mercury, and a|^enous 
acid also kill the bacteria. The destructive effect of the metal clearly 
depends on its sk>w solution at the ordinary temperature in the 
saline organic culture medium, aided no doubt by the presence of 
atmospheric oxj^gen in some cases. 

The following table gives a list of the metals used and their 
effects on the ba^rinm. 
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rilOTOuEMC B\(JTERIA 
(^Photobuctenum PhospJiorescenb ) 

CiRouiH ON Solid Mfdia Growth in Fllid Media 

Fig 1 Fresh oulture, ordinary gela- 1 Fig 5 Peptone sea-water 

tmo I M 6. Peptone bea-water, showing 

,, 2. Three days* growth | Flagellum 

,, 3. One day’s growth, salted 
gelatine. 

„ 4. Old oulture, salted gelatine 


[Taken from Paper entitled “ Photogenic Baoteria,” by J E Barnard 
Transactions of the Jenner Institute of Preventive Medicine, 2nd Senes, p 112] 
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Pic I — Gbdwih of Two Colonies in Diametirs op B Puosfuobescens 

REPRBSKNTED GRAPHICALLY 

(i) 111 exhau'^ted sealed tube for 13 days, then opened to tbo air 

(ii) In free air for 15 days, then exhausted 
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Fi( 11 — Up PRODi CHON OP PHoioc.HAPHb taki 11 h\ lir<ht ciiiittediiiy JUcU iia 
aft< i thf action of ultia \iolct light 011 tin in at tlit tcmpciatuie of injuu! 
an and subsequent heating to the ordinal v tcmpeiatuic 




1 liound tin plate with out out cross, bacteria killed where un screened 

2 Perforated rinc, showing same effect as above 




1. Mercury, 

2. Autimony, 

3. Zinc. 


4. Silver. 

6. Chloride of Silver. 
6. Sulphur. 
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AOKION of MfTALB os B. PH 0 BPH 0 BBB(» 118 . 


No Action 


Partial Action 


Strong Action 


Gold 

Platinum 

Palladium 

Rhodium 

Iridium 

Tantalum 

Cadmium 

Magnesium 

Tin 

Graphite 

Gocoanut charcoal 
Selenium 

Sulphur (stimulates) 


Bismuth 

Thallium 

Lead 

Nickel 

German silver 
Hard brass 
Aluminium bronze 


Strong Action 


Iron 

Aluminium 
Zino 
Copper 
Soft brass 


Cobalt 

Silver 

Meroury 

Antimony 

Arsenio 

Phosphor-bronze 


Chloride of silver 
Bromide of silver 
Cyanide of mercury 
Chloride of mercury 
(HgCl,) 


Arsenious acid 


Other bacteria have been exposed to the action of ultra-violet 
light. Bacillus prodtgwsus, B. colt communts, B. subhlts, as well as 
B. phosphorescens are all killed by the action of this radiation at 
the temperature of - 185° C. 

It is remarkable that any radiation effect should take place in 
these organisms at liquid air temperature, when of course they are 
hard solids, and no question of ordinary chemical interaction between 
liquids or gases is p^ible, as in the case of such powerfully reacting 
agents as duonne and liquid hydrogen, which explode violently when 
brought together under such conditions. Ozone from solid oxygen 
is, of course, another example of a chemical change taking place at 
the boiling point of hydrogen, which m this case is induced by the 
ultra-violet radiation. Any action that takes place must be in the 
solid contents of the bacteria, which seem to be actually broken up, 
when examined microscopically after exposure to the ultra-violet 
light. Perhaps the production of electrically charged ions through 
the action of the short wave length radiation on the surface of the 
solid organisms, is a potent factor in their destruction at low tem- 
peratures. In any case, it seems the protoplasmic molecule cannot 
stand the internal strain produced by the vibrations set up in it by 
the action of the rays of snort wave-length, and is thereby forced to 
re-arrange its atomic structure, causing we death of the organijim. 

These are only a few in^cations that there is still muilh low 
temperature chemistry to be worked out. 


[J. D.] 
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Colours of Spu and Sky, 

A RECENT voyage round Africa recalled iny attention to interesting 
problems connected with the colour of the sea. They are not ahNays 
easy of solution in consequence of the circumstance that there are 
several po88n>le sourc'es of colour whose action w^ould be much in the 
same direction. We must bear in mind that the absorption, or 
proper, colour of water cannot manifest itself unless the light travem* 
a sufficient thickness before reaching the eye. In the ocean the 
depth is of course adeijuate to develop the colour, but if the water is 
clear there is often nothing to send the light back to the observer. 
Under these circumstances the proper colour cannot be seen. The 
much admired dark blue of the deep sea has nothing to do with the 
colour of water, but is simply the blue of the sky seen by reflection. 
When the heavens are overcast the water looks grey and leaden : and 
even when the clouding is partial, the sea appears grey under the 
clouds, though elsew^here it may show colour. It is remarkable that 
a fact so easy of observation is unknow n to many even of those who 
have written from a scientific point of view. One circumstance 
which may raise doubts is that the blue of the deep sea often looks 
purer and fuller than that of tlie sky. T think the explanation is 
that we are apt to make comparison with that part of the sky which 
lies near the horizon, whereas the best blue comes from neai the 
zenith. In fact, when the water is smooth and the angle of observa- 
tion such as to reflect the low sky, the apparent blue of the water is 
much deterionited. Under these circumstances a rippling due to 
wind greatly enhances the colour by reflecting light from higher up. 
Seen from the deck of a steamer, those parts of the waves which 
slope towards the observer show the best colour for a like reason. 

The real colour of ocean water may often be seen when there are 
breakers. Light, perhaps directly from the sun, may then traverse 
the crest of the waves and afterwards reach the observer. In my 
experience such light shows decidedly green. Again, over the screw 
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of the ship a good deal of air is entangled and carried down, thus 
providing the necessary reflection from under the surface. Here also 
the colour is green. 

The only places where 1 have seen the sea look bine in a manner 
not explicable by reflection of the sky were Aden and Suez. Although 
the sky was not absolutely overcast, it seemed that part at any rate 
of the copious, if not very deep, blue was to be attributed to the water. 
This requires not only that the proper colour of the water should 
here be blue, but also the presence of susix^nded matter capable of 
returning the light, unless indeed the sea bottom itself could serve 
the purpose. 

The famous grotto at (Vipri gives an unusually good o])portuiiity 
of seeing the true colour of the water. Doubtless a great part of the 
effect is due to the eye being shielded from external glare and so 
better capable of appreciating the companitively feeble light which 
has traversed considerable thicknesses of water. The question was 
successfully discussed many years ago by Melloni, who remarks that 
the beauty of the colour varies a good deal with the weather. The 
light which can penetrate comes from the sky and not directly from 
the sun. When the day is clear, the blueness of the sky co-operates 
with the blueness of the water. 

That light reflected from the surface of a liquid does not exhibit 
the absorption colour is exemplified by brown peaty water such as is 
often met with in Scotland. The sky seen by reflection is as blue as 
if the water were pure. But an attempt to illustnite this fact by 
experiment upon quite a small scale w\i8 not at first successful. A 
large white ])hotographic dish containing dark brown oxidized 
“ pyro ” was exjxised upon the lawn during a fine day. AlTliongli the 
reflected light cerUiinly came from the clear sky, ihe colour did not 
appear pronounced, partly in consequence of the glare of the sun- 
shine from the edges of the dish. The substitution of a dish of glass 
effected an improvement. But it was only when the eye was pro- 
tected from extraneous light by the hands, or more peifcctly by the 
interposition of a pasteboard tube held close up, that thi* blue of the 
reflected light manifested its proper purity. It would seem that the 
explanation is to be sought in diffusion of light within the lens of 
the eye, in consequence of which, especially in elderly persons, the 
whole field is liable to be suffused wdth any strong light finding 
access. 

As regards the proper colour of pure waU'r, an early opinion is 
that of Davy, who, m his “ Salmonia,’' jironounccs in favour of blue, 
basing his conclusion upon observations of snow and glacier streams. 
The latter, indeed, are often turbid, but deposit the ground-qp rock 
which they contain when opportunity offers, as in the lake of Geneva. 
A like conclusion was later put forward by Bunsem on the Ijasis of 
laboratory observations. The most elaborate exp(Timcnta are tliose 
of Spring, who, in a series of pipers published iluriiig many years. 
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discusses the difficult (luestions involved. He tried columns of j^reat 
length — up to 2(1 metres ; hut even when th<‘ distance traversed w.is 
only 4 or 5 metres, he finds the colour a fine blue only to be com- 
pared with the purest sky-blue as seen from a greiit elevation. But 
when the tubes contain ordinary water, even ordinary distilled water, 
tlie colour is green, or yellow-green, and not blue. 

The conversion of the oricjinal blue into green is, of course, 
expliciible if there l)e the slightest con Ut mi nation with colouring 
matter of a yellow character— i.e. strongly absorbent of blue light. 
Spring shows that this is the eftecjt of niinute traces — down to one 
ten-millionth part— of iron in the ferrh* state, or of humus. The 
greenness of many natural waters is thus i‘asily understood. Another 
question examined by Spring is not without bearing upon our present 
subject — viz. tlie presence of su8|)endcd matter. I am the better 
able to appreciate the work of Spring, that many years ago I tried a 
variety of Jiiethods, including distillation in varuo, in order ti) obtain 
water in the condition which Txndall descril>ed as opticidh empty,” 
but I met with no success. Spring has shown that the desired 
result may be obtained liy the formation within the body of the 
liquid of a y(d‘i('inous precipitate of alumina or oxide of iron, liy 
which the fine particles of suspended matter are ultimately carried 
down. 

Perhaps the most telling observations upon the colour of w’ater 
are those of Count Aufsess, who measured the actual transmission 
of light belonging to vaiaous parts of the hpectriim. The principal 
ab8orj)tiou is in the red and yellow. In the case of the purest w'ater, 
there was practically no absorption above the line F, and a high 
degree of transparency in this region was atbiined even by some 
natural watem. That these waters should show blue, irlwn in 
sufficient thiclcuess, is a necessary consecpience. 

Jn my own experinuMits, made before I was acquainted with the 
work of Aufsess, the light traversed tw'o glass tubes of an aggregate 
length of about 4 metres (12 feet). On occasion the light was 
reflected liack so as to ti’uverse this length twice over. I must con- 
fess that I have iievt'r seen a blue answering to Spring’s de‘"cri})tion, 
when the original light was white. For final tests 1 was always 
ciireful to employ the light of a completely overcast day, which was 
reflected into the tubes by a small mirror. The colour, after trans- 
mission, showed itself very sensitive to the character of the original 
source. The pialest clear sky of an English winter’s day gav^e a 
greatly enhanced blue, while, on the other hand, isolated clouds are 
usually yellowish, and influence the result in the opposite dirtvtion. 

I should myself describe the best colour of the transmittt'd light on 
standard days as a greenish blue, but there is some variation in the 
use of words, and, perhaps, in vision. Some of my friends, but not 
the majority, spoke of blue simply, but all were agreed that the blue- 
ness of a good sky was not annroached. The waters tried have been 
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very various. Sea-water from outside the grotto of Oapri, from 
Suez, and from near the Seven Stones Lightship off the Cornisli 
coast, I owe to the kindness of friends. Of these the two former 
sliowed a greenish blue, the latter a full, or, perhaps, rather yellow- 
green, and these colours were not appreciably modified after the 
water had stood in the tubes for weeks. It is important to 
remember that the hue may, to some extent, depend upon thickness. 
It is quite probable that in a greatly increased thickness the Capri 
and Suez waters would assume a more decided blue colour. But I do 
not think the Seven Stones water could so behave, the colour, with 
12 feet, seeming to involve the absorption of blue light. 

Further observations on greater deptlis of sea- water would be de- 
sirable. A naval son informs me that off the coast of Greece a plate 
lying in 6 fathoms of water looked decidedly blue, although the sky 
Wiis a dirty grey. I have doubts whether this would be generally the 
case in the Mediterranean ; the green due to moderate thicknesses 
seems too decided. 

Of natural fresh waters that I have tried, none were better than 
that from a spring in my own garden. This water is hard, but bright 
and clear, and it shows a greenish-blue, barely distinguishable from 
that of the Capri and Suez water. Distillation does not improve the 
blue. Neither did other treatments do any good, such, for example, 
as partial precipitation of the lime with alkali, or passage of ozone 
with the idea of oxidising humus. Wishing to try water of high 
chemical purity, I obtained — through the kind offices of Sir J. Dewar 
— water twice distilled from alkaline permanganate, and condensed in 
contact with silver, but the colour was no bluer. In the light of this 
evidence, I can hardly avoid the conclusion that the blfreness of w^ater 
in lengtlis of 4 metres has been exaggerated, especially by Spring, 
although I have noTeason to doubt that a fully developed blue may 
be obtained at much greater thicknesses. I should suppose that suf- 
ficient care has not l^n taken to start with wliite light. It maybe 
recalled that overcast days are not so common in some parts of the 
world as in England. 

A third possible cause of apparent blueness of the sea must also 
be mentioned. If a liquid is not absolutely clear, but contains in 
suspension very minute particles, it will disperse light of a blue 
character. Although, undoubtedly, this cause must operate to some 
extent, I have seen no reason to think that it is important. But the 
existence of three possible causes of blueness complicates the inter- 
pretation of the phenomena. Hitherto observers have not been 
sufficiently upon their guard to distinguish blueness having its origin 
in the sky from blueness fairly attributable to the water itself. 

As regards the light from the sky, the theory which attributes it 
to dispersal from small particles, many of which are smaller than the 
w'ave-length of light, is now pretty generally accepted. To a first 
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approximation at any rate, both the pokbrization and the colour of the 
light are ^ily explained. According to the simplest theory, the 
polarization should be absolute and a maximum at from the sun, 
and the colour sliould be modified from that of the sun according 
to the factor But it is easy to see that there must be com- 

plications, even if all the particles are small and spherical. The 
light illuminating them is not merely the direct light of the sun, 
but also light diffused from the sky and from the earth’s surface. 
On these grounds alone the polarization must be expected to be 
incomplete even at 90°, and the certain presence of particles 
not small in comparison with the wave-length is another aiuse 
operating in the same direction. It is rather remarkable that, as I 
noticed in 1871, the two polarised components show much the same 
colour. The oliservation is best made with a double-image prism 
mounted near one end of a pasteboard tube, through which a suit- 
able rectangular aperture at the other end is seen double, but with 
the two images in close juxtaposition. AVhen this is directed to 
a part of the sky 90° from the sun, and the tube turned until one 
image is at its darkest, the two polarised (‘om^Kinents are exhibited 
side by side hi a' manner favourable for eompari'-on of colours. The 
iuldition at the eye end of a nicol capable of rotation independently 
of the tube, gives the means of ecpialising the brightnesses without 
altering the colours. This observation, made indeptuidently by 
Sju’ing, Is regarded by him as an objection to the theory, and lis 
showing that tlie cause of the blueness and of the polarization are 
not the Siime. The argument would ha\c more weight if the colours 
of the two components were exactly the same and under all circum- 
stances, but I do not think that this is the case. Observations on the 
purer skv, to be seen from great elevations, would be of interest. 
The (question is to what anises the second component is principally 
duo. So far as it depends ujioii sky illumination, it would bo bluer 
than the first connxmont. Any “ residual blue ” of the kind 
described by Tyndall, and due to particles somewhat t ()0 big for the 
simple theory, 'would make a contribution in the same direction. 
On the other hand, large jiiirticlcs under the direct light of the sun, 
and perhaps small ones, so far as illuminated by light from the earth, 
would contribute a whiter light. In this way an approximate com- 
pensation may occur, but the matter is certainly worthy of further 
attention. 

In this connection it should be noticed that, according to the now 
generally received electro-magnetic theory, complete polarization at 
90° requires that* the dispersing particles should liehave as if 
spherical, even although infinitely small. If the shape be elongated, 
there would be incomplete polarization combined with similarity of 
colour even under the simplest conditions. 

When the particles are no longer very small in comparison with 
the wave-length, the direction of maximum polarization was found 
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by Tyndall to become oblique, and the deviation is in the opposite 
direction to that which would have been anticipated from the 
Brewsterian law for the reflection of light from surfaces of finite 
areii. As I showed in 1881, the gradual precipitation of sulphur 
from a very weak and acid solution of “hypo” exhibits the phenomena 
remarkably well. At a certain stage, depending on the colour of the 
light, the direction of maximum polarization becomes oblique. Even 
when the obliquity is well established for blue light, red light still 
continues to follow the simpler law, and the comparison gives curious 
information concerning the rate of growth of the particles. 

The preferential scattering of light of short wave-length in- 
volves of course a gradual yellowing and ultimate reddening of the 
light transmitted. The formation in this way of sunset colours is 
well illustrated by the acid hypo. 

That Spring rejects this theory in favour of one which would attri- 
bute sky-blue to absorption by oxygen or ozone, has been alretidy 
alluded to. Although one must not conclude too hastily from the 
behaviour of these bodies when liquefied, it is, of course, possible that 
their absorbing qualities may influence atmospheric phenomena in 
some degree. But to attribute the blue of the sky to tncm seems out 
of the question. It is sufficient to remark that the setting sun turns 
red and not blue. 

A?) iiiuTcsting question remains behind. To what kind of small 
pirticles— dispersing short waves in preference — is the heavenly azure 
due ? That small particles of saline or other solid matter, including 
organic germs, play a part, cannot be doubted, and to them may be 
attributed much of the bluish haze by which the moderately 
distant landscape is often suffused. But it seems certain that the 
very molecules of air themselves are competent to scatter a blue 
light not very greatly inferior to that which we actually receive. 
Theory allows a connection to be established between the transpar- 
ency of air for light of various wave-lengths, and its known 
refnictivitv in combination with Avagadro’s constant, expressing the 
number of molecules per cubic centimetre in gas under standard 
atmospheric (‘onditions. The first estimate of transfwrcncy was 
founded upon Maxwell’s value of this constant, viz. 1*‘.) x 10^®. 
Recent researches have shown that this number must be raised to 
2*76 X 10^®, and that the result is probably accurate to within 
a few per cent.* It has been pointed out by Dr. Schuster that 
the introduction of the raised number into the formula almost 
exactly accounts for the degree of atmospheric transparency 
observed at high elevations in the United States, ai^)arently 
justifving to the full the inference that the normal blue of 
the sky is due to molecular scattering. But, although there is no 

* It is a curious instance of divergence in scientific opinion t|iat while 
some still deny the existence of molecules, others have successfully counted 
them. 
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reason to anticipate that this f!;enenil conclusion will be upset, it 
should uot be overlooked that a molecule, especially a diatomic 
molecule, can hardly be supposed to behave as if it were the dielectric 
sphere of theory. Questions are here suggested for whose decision 
the time is perhaps not yet ripe. 

[R.] 

P.S. — The (juestioii of the colour of the Mediterrune<ui and other 
waters was long ago discussed by Mr. J. Aitken— an excellent 
observer — in Proc. Roy. Soc. Edin. 1881-8*2. His principal con- 
clusions are very similar to my own. Mr. Aitken rightly insists upon 
the influence of the colour of the suspended matter to which the 
return of the light is due. Only when this is white, has the proper 
colour of the water a full chance of manifesting itself. From the 
heights of Capri, I noticed that the shallow water near tlie shore 
showed decidedly green, an effect attributed to the yellowness of the 
underlying sand. 



Friday, March 11, 1010. 


Sir William Crookes, LL.D. D.Sc. F.R.S. Honorary 
Secretary and Vice-President, in the Chair. 

H. Brereton Baker, Esq., M.A. D.Sc. F.R.S. 

Ionisation of Gasos and Gltemicai Gfuingp. 

The term “catalytic” was introduced by Berzelius to describe a 
number of chemical iictions which would only take place in the 
presence of a third sulistance, which itself was apparently unchanged 
throughout the reiiction. The first cases of such actions were inves- 
tigated by Sir Humphry Davy in 1817. He showed that many 
mixtures of gases were caused to unite in the presence of finely 
divided platinum, at temperatures far below those at which union 
ordinarily took place. Some years afterwards Faraday investigated 
similar actions, and attempted to explain them by a supposed con- 
densation of the gases on the surface of the metal. 

Tldrty years ago, Prof. H. B. Dixon investigated the behaviour 
of carbon monoxide and oxygen when they were dried as completely 
as possible, and he discovered that under these circumstances electric 
sparks amsed no explosion. Some years l>efore, Wanklyn had dis- 
covered that purified chlorine did not act on sodiinfTt but he did 
not identify the impurity, now known to be a trace of water, which 
causes the vigorous notion which bikes place under ordinary circum- 
stance§. 

In 1HS2 (Vjwpi^r investigated the action of dried chlorine on 
several metals, and found tliat the removal of moisture in many 
cases inhibited the reaction. 

In the following year, working in Prof. Dixon's laboratory at 
Balliol (V)llege, I found that purified carbon could be heated to 
redness in dried oxygen, and that sulphur and phosphorus could be 
distilled in the same gas without burning. In the investigations 
which followed, some thirty simple reactions have been tried bj 
myself and others. It has l)een shown that hydrogen and chlorine 
can be exposed to light without explosion, ammonia and hydrogen 
chloride mixed without union, sulphur trioxide can be ctystallised 
on lime, ammonium chloride and mercurous chloride give undis- 
sociated vapours, hydrogen and oxygen can be exposed to k red heat 
without explosion, and lastly in 11)07 nitrogen trioxide wai obtained 
as an undissociated gas for the first time by caref uUy drying the liquid, 
and evaporating into a dried atmosphere. 
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The amount of water necessary to carry on these chemical reac- 
tions is extremely small, certainly less than ] m^. in :^00,0()0 litres. 
There is no accepted explanation of its catalytic effect, and in the 
same way the catalytic power of platinum is still a mystery. In 
1893, Sir J. J. Tliomsori* showed that if the combination of atoms in 
a molecule is electrical in its nature, the presence of liquid drops of 
water, or drops of any licj[uid of high specific inductive capacity, 
would be sufficient to cau^e a loosening of tiie tie between the atoms, 
and this might result in chemical combination of the partially freed 
atoms to form new molecules. He showed in the same i)aper that 
drying a gas very completely stopped the ])assage of a current of 1200 
volts. In the same year [ was able in the same way to prevent the 
passage of discharge from an induction coil, a discharge which would 
traverse a spark gap of three times the distance in undried gas. 

Shortly after the discovery of Rontgeii rays it was found that they 
would ionise a gas through which they passed. At the time it was 
thought that this ionisation was similar to that taking place in elec- 
trolysis. If this were so the rays w'ould probably cause chemical 
union to take place even in a dried gas, and accordingly Prof. Dixon 
and I undertook ?omc exjKTiments on the subject w hich were published 
in a joint paper.j The results w’ere negative, no chtmical action 
could be detected. Since that time the ioniwition of gases has been 
shown to Ikj of (juite a different nature. The negative ion has been 
show’n to be a particle of the mass of about 
hydrogen atom, and the positive ion is the lesidue. Since the ionisa- 
tion of gases is different fiom that in electrolysis, the retention of this 
term is much to be deprecated. It is suggested that the term ionisa- 
tion should be retained for electrolytic dissociation, and for tlie differ- 
ent process w^hich takes place in gases under the action of Rontgcii 
rays, etc., a new' name, electromerism, should be adopted. Tlie elec- 
tron would thus be the negative eleetromer. 

It is probable tliat electrolysis and true ionisation may take place 
in ga.ses, as in the decomposition of .steam by electric* sparks of a 
particular length. An experiment, recently devised, seems to show 
that in mercury va[)Our, v\hieh ordinarily consists of atoms, something 
of the nature of ionisation without electrolysis can take place. If 
oxygen be admitted to the interior of a mercury lamp from whi(‘h 
the current has just been <‘ut off, a considerable (juantity of mercuric 
oxide is produced, although the Uuuperrituie of the lamp (about 150") 
is far lower than would suffice to bring about the union of ordinary 
mercury vapour witl] oxygen. 

In order to test further the question as to whether electromerism 
can bring about chemical change, I have investigated the action of 
radium bromide on very pure and dry hydrogen and oxygen. The 
gases were seiiled up witli some radium bromide contained in an 

* Phil. Mag. xxxvi. 3*21. t Cbcin. Soc. Jour. 189G. 
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open silica tube. The containing vessel was provided with a vacuum 
gauge, by means of which the combination of yaVot'h part of the 
gases could lui easily detected. No action whatever was observed, 
although the substances were left in contact for two months. A 
further experiment showed that, as was to be expected, very dry air 
undergoes electroinerisui when subjected to the action of radium. 
Two more tubes were then set up, similar to the first, containing 
mixtures of carbon monoxide and oxygen, one very dry, and the 
other containing traces of moisture, and although the radium 
bromide was in contact with them for more than three months not 
the slightest contraction could l>e observed. In these cases therefore 
electroinerism produces no chemical change. 

There, was, however, a possibility that electroinerism might bring 
about a chemical action in a mixlure of gases which was under 
conditions Avhich were nearly, but not (luite, suittiblc for chemical 
action to take place. The gaseous mixtures mentioned only combine, 
even when moist, at a red lieat. Since the exj)eriments were done 
at 20 \ they only show that electroinerism does not produce chemical 
action in gases which are otherwise unable to combine. 

There remained the possibility that if gases were just on the 
point of combining, increasing tlie electroinerism might accelerate 
the rate of action, I sought for a case of simple chemical union 
which would proceed at a manageable temperature, and at a rate 
which could be measured. Of those tried, the reaction between hydro- 
gen and nitrous oxide w'as found to be the most suitiible. The gases 
used were as pure as jiossible, but dried only by j)aKsiug through 
phosphorus pentoxide tubes. They were found to combme with great 
uniformity wdien heated in clean Jena glass tubes to 580“. An 
electric resistance furnace was used, consisting of a wide silicii tube 
which formed the heated chamber. It is known that many substances 
when heated, ])ro<luce electromci*s in a gas ; lime is fairly efficient, 
thoria more so, and, of course, radium bromide most of all. In the 
firat experiment two tubes of the same Jena glass, containing the 
hydrogen and nitrous oxide mixture, were heated shle by side. One 
contained some lime and in order to make the conditions as similar as 
possible, an equal quantity of powdered Jena glass was introduced 
into the other. As soon as the requisite temperature was reached, 
the action proceeded rapidly in the tube conttiining lime, the rate in 
the first five minutes being five binies the rate of combination in the 
tulie containing only powdered glass. After fifteen minutes the 
second tube had cauglit up the first, and the rates of union were 
equal up to the completion of the action. With thoria the effect was 
still more marked, the rate increasing to twenty times the rate in the 
tul)e containing"^ the glass. Finally about 2 mg. of radiuifi bromide 
was heated in the mixture of gases. As soon as the combmiiig tem- 
perature was reached the gases in the radium bromide tube exploded. 

From these three experiments it is seen that as the amount of 
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electron leriam was increased, there was a rapid increase in chemical 
action. 

I have recently been al)le to show ihat if the union of carbon 
monoxide and oxygen takes place in a strong electric field, which has 
the effect of removing electromers, the chemical action is dimin- 
ished. Similar experiinerita are in progress witli the mixture of 
hydrogen and chlorine, combining under the influence of light. 

The next experiment tried, illustmtes one way in which the clectro- 
merism of a gas may bring about chemical change. Hydrogen sulphide 
and sulphur dioxide can be mixed at the ordinai-y temperature in pre- 
sence of traces of moisture, but in presciu'c of liquid water, decomposi- 
tion takes place into sulphur and water. The gases w ere dried Ijefore 
mixing by calcium chloride, which leaves about 4 mg. of water vapour 
per litre in the gas. After mixing, a small o]>en silica tube (‘ontaining 
about 2 mg. of dried radium bromide was introduced. After six 
hours no apparent change had taken place in the gas ; there was no 
deposit of sulphur on the sides of the jar, and it seemed at first iis if 
no ac’tion had been produced. On ()])ening the jar, however, an 
inrush of air was noticed, and the (‘ontents wer(‘ almost odourless. 
On heating th? ndiuni tube a large quantity of water was driveii off, 
and a copious sublimate of sulphur was seen. The whole of the 
gaseous contents of the jar had condensed in the small tube containing 
the radium bromide. The explanation of this action of radium 
bromide is probably simple. Water \apour condenses on the elec- 
tromers emitted, liquid drops are formed, a ml in them the ehemical 
action takes place.* 

Prof. Townsend has recently jaihlished an account of some exi)eri- 
inents, i]i wliich he hiis sliown that there is a very marked decrease in 
the mobility of negative electromers in the presence of an amount of 
water vapour r(‘preseiited by a pressure of |\^th nim. The air, in his 
experiments, wtis subjected to tne action of Kdntgen rays. 

It is concluded tliat water in a form ap])i‘oa(diiiig to tliat of a drop, 
is condensed on the electron even when a very small quantiLy is 
present. If this dcp(»sition of water molecailes on eleetromei*s goes 
on when the amount of water present is still smaller, the theory of 
Sir J. J. Thomson affords a sjitisfaetory explaimtion of the influence 
of moisture on cliemical eliange, since some eleetronii'rs are always 
present in ordinary gases. 

[H. B. B.] 


* I have invariably noticed that water collects in tubes containing radium 
preparatiouB exposed to undried air. The salts are not at all deliquescent, the 
crystals appearing quite sharp-edged under the microscope. 1 found that 
10 mg. of radium bromide exposed to an atmosphere saturated at 0° for two 
days caused a deposition of water on its surface weighing 1*5 mg. 


Friday, March is, 1910. 

Sir James Crichton-Browne, M.D. LL.D. D.Sc. F.R.S., 
Treasurer and Vice- President, in the Chair. 

Professor Sir J. J. Thomson, M.A. LL.l). D.Sc. F.R.S. if.iZ./., 
Professor of Natural Philosophy, Royal Institution. 

The Dynamics of a Golf Ball, 

There are so many dynamical problems connected* with golf that a 
discussion of the whole of them would occupy far more time than is 
at my disposal this evening. I shall not attempt to deal with the 
many important questions which arise when we consider the impact 
of the club with the ball, but confine myself to the consideration of 
the flight of the ball after it has left the club. This problem is in 
any case a very interesting one, it would be even more interesting if 
we could accept the explanations of the behaviour of the ball given 
by many contributors to the very voluminous literature which has 
collected round the game ; if these were correct, I should have to 
bring before you this evening a new dynamics, and announce that 
matter when made uj) into golf balls obeys laws of an entireljL differ- 
ent character from those governing its action when in any other 
condition. 

If we fcould send off the ball from the club, as we might from a 
catapult, without spin, its behaviour would be regular, but uninterest- 
ing ; in the absence of wind its path would keep in a vertical plane, 
it would not deviate either to the right or to the left, and would fall 
to the ground after a comparatively short carry. 

But a golf ball when it leaves the club is only in rare cases de- 
void of spin, and it is spin which gives the interest, variety, and 
vivacity to the flight of the ball. It is spin which accounts for the 
behaviour of a sliced or pulled ball, it is spin which makes the ball 
soar or “ douk,” or execute those wild flourishes which give the im- 
pression that the ball is endowed with an artistic temperament, and 
performs these eccentricities as an acrobat might throw in an extra 
somersault or two for the fun of the thing. This view, however, 
gives an entirely wrong impression of the temperament of a golf ball, 
which is in reality the most prosaic of things, knowing while in the air 
only one rule of conduct, which it obeys with unintelligent conecien- 
tiousness, that of always following its nose. This rule is the key to 
the behaviour of all balls when in the air, whether they are golf balls, 
base balls, cricket balls, or tennis balls. Let us, before entering into 
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the reason for this rule, trace out some of its consequences. By the 
nose of the ball we mean the point on the ball furthest in front. 
Thus if, as in Fit;. 1, 0 the centre of the ball is movinjr horizontally 
to the right, A will be the nose of the ball ; if it is moving horizon- 



Pio. 1. 


tally to the left, B will be the nose. Tf it is moving in an inclined 
direction C P, as in Fig. 2, then A will be the nose. 

Mow let the ball iiave a s]>i!i on it about a horizontal axis, and 
suppose the ball is travelling horizontidly as in Fig. and tliat the 



c 


Fic,. 2. Fin. 3. 

direction of the spin is as in the figure, then the nose A of the ball is 
moving upw’ards, and since by our rule the ball tries to follow its nose, 
the ball will rise and the ]>ath of the ball will be curved as in the 
dotted line. If the spin on the ball, still about a horizontal axis. 


Fig. 4. 

were in the opposite direction as in Fig. 4, then the nose A of the 
ball would be moving downwards, and as the ball tries to follow its 
nose it will duck downwards, and its path w’ill be like the dotted line 
in Fig. 4. 

Let us now suppose that the ball is spinning about a verticiil axis, 
then if the spin is as in Fig. 5, as we look along the direction of the 
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flight of the ball the nose is moving to the right ; hence by our rule 
the ball will move off to the right, and its path will resemble the 
dotted line in Fig. 5, in fact, the ball will behave like a sliced ball. 
Such a ball, as a matter of fact, has spin of this kind about a vertiail 
axis. 

If the ball spins about a vertical axis in the opposite direction as 
in Fig. 6, then, looking along the line of flight, the nose is moving to 
the left, hence the ball moves off to the left, describing the path 



Fig. 5. 

indicated by the dotted line; this is the spin possessed by a “pulled” 
ball. 

If the ball were spinning about an axis along tiie line of flight, 
the axis of spin would pass through the nose of the ball, and the spin 
would not affect the motion of the nose ; the ball following its nose 
would thus move on without deviation. 

Thus, if a cricket ball were spinning about an axis parallel to the 
line joining the wickets, it would not swerve in the air, it would, 
however, break in one way or the other after striking the ground ; if, 
on the other hand, the ball were spinning about a vertical axis, it 



Fig. 6. 

would swerve while in the air, but would not break on hitting the 
ground. If the ball were spinning about an axis intermediate l^twecn 
these directions it would both swerve and break. 

Excellent examples of the effect of spin on the flight of a ball in 
the air are afforded in the game cf base ball; an expert pitcher by 
putting on the appropriate spins can make the ball curve either to the 
right or to the left, upwards or downwards ; for the sideway curves 
the spin must be about a vertical axis, for the upward or downward 
ones about a horizontal axis. 

A lawn-tennis player avails himself of the effect of spin when he 
puts “ top spin ” on his drives, i.e., hits the ball on the top so as to 
make it spin about a horizontal axis, the nose of the ball travelling 
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downwards as in Fig. 4 ; this makes the ball fall more quickly thau it 
otherwise would, and thus tends to prevent it going out of the court. 

Before proceeding to the explanation of this effect of spin I will 
show some experiments which illustrate the point we are considering. 
As the forces acting on the ball depend on the relative motion of the 
ball and the air, they will not be altered by superposing the same 
velocity on the air and the ball ; thus, suppose the ball is rushing 
forward through the air with th(‘ velocity V, the forces will be the same 
if we superpose on both air and ball a velocity equal and opposite to that 
of the ball ; the effect of this is to reduce the centre of the ball to rest, 
but to make the air rush past the ball as a wind moving with the 
velocity V. Thus, the forces are the same when the ball is moving 
and the air at rest, or when the ball is at rest and the air moving. 
In lecture experiments it is not convenient to have the ball flying 
about the room, it is much more convenient to keep the ball still and 
make the air move. 

The first experiment I shall try is one made by Magnus in 1852 ; 
its object is to show* that a rotating body moving relatively to the air 



is acted on by a force in the direction in which the nose of the body 
is moving relatively to its centre : the direction of this force is thus 
at right angles, both to the direction in which the centre of the body 
is moving, and also to the axis about which the body is spinning. 
For this purpose a cylinder A (Fig. 7) is mounted on bearings so that it 
can be spun rapidly about a vertical axis ; the cylinder is attached to 
one end of the beam B, which is weighted at the other end, so that 
when the beam is suspended by a wire it takes up a horizontal posi- 
tion. The beam yields readily to any horizontal force, so that if the 
cylinder is acted on by such a force, this will be indicated by the 
motion of the beam. In front of the cylinder there is a pipe D, 
through which a rotating fan driven by an electric motor sends a blast 
of air which can be directed apinst the cylinder. I adjust the beam 
and the beam carrying the cylinder, so that the blast of air strikes the 
cylinder symmetrically ; in this case, when the cylinder is not rotating 
the impact against it of the stream of air does not give rise to any 
motion of the beam. I now spin the cylinder, abd you see that when 
the blast strikes against it the beam moves off sideways. It goes off 
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one way when the spin is in one direction, and in the opposite way 
when the direction of spin is reversed. The beam, as you will see, 
rotates in the same direction as the cylinder, which an inspection of 
Fig. 8 will show you is just what it would do if the cylinder were acted 
upon by a force in the direction in which its nose (which, in this case, is 



Fig. 8. 


the point on the cylinder first struck by the blast) is moving. If I stop 
the blast, the beam does not move even though I spin the cylinder, 
nor does it move when the blast is in action if the rotation of the 
cylinder is stopped ; thus both spin of the cylinder and movement of 
it through the air are required to develop the force on the cylinder. 


\ 



Fig. 9. 

Another way of showing the existence of this force is to take a 
pendulum whose bob is a cylinder, or some other symmetrical body, 
mounted so that it can be set in rapid rotation about a vertical lixis. 
When the bob of the^pendulum is not spinning the pendulum keep 
swinging in one plane, but when the bob is set spinning the plane in 
whicn the pendulum swings no longer remains stationary, but rotates 
slowly in the same sense as the bob is spinning (Fig. 9). 
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We shall now pass on to the oonsidcmtion of how these forces 
arise. They arise because when a rotating body is moving through 
the air the pressure of the air on one side of the body is not the same 
as that on the other : the pressures on the two sides do not balance, 
and thus the body is pushed away from the side where the pressure is 
greatest. 

Thus, when a golf ball is moving through the air, spinning in the 
direction shown in Fig. 10, the pressure on the side ABC, where 
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the velocity due to the spin conspires with that of translation, is 
greater than that on the side A 1) B, where the velocity due to the 
spin is in the opposite direction to that due to the translatory motion 
of the ball through the air. 

I will now tfsy to show you an experiment which proves that this 
is the case, and also that the differeiu^e between the pressure on the 
tvNo sides of the golf ball depends upon the roughness of the ball. 



Fig. 11. 

In this instrument. Fig. 11, two golf -balls, one smooth and the 
other having the ordinary bramble markings, are mounted on an 
axis, and can be set in rapid rotation by an electric motor. An air- 
’ blast produced by a fan comes through the pipe B, and can be 
directed against the balls ; the instrument is provided with an 
arrangement by which the supports of the axis carrying the balls 
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can be raised or lowered so as to bring either the smooth or the 
bramble-marked ball opposite to the blast. The pressure is measured 
in the following way : L M are two tubes connected with the 
pressure-gauge P Q ; L and M are placed so that the golf balls can 
just fit in between them ; if the pressure of the air on the side ]M 
of the balls is greater than that of the side L the liquid on the 
right-hand side Q of the pressure-gauge will be depressed ; if, on the 
other hand, the pressure at L is greater than that at M the left-hand 
side P of the gauge will be depressed. 

I first show that when the golf balls are not rotating there is no 
difference in the pressure on the two sides when the blast is directed 
against the balls : you see there is no motion of the liquid in the 
gauge. Next 1 stop the blast and make the golf balls rotate ; again 
there is no motion in the gauge. Now when the golf balls are 
spinning in the direction indicated in Fig. 11, I turn on the blast, 
tne liquid falls on the side Q of the gauge, rises on the otlier side. 
Now I reverse the direction of roUition of the balls, and you see tin* 
motion of the liquid in the gauge is reversed, indicating that the 
high pressure has gone from one side to the other. You see that 
the pressure is higher on the side M where the spin carries this side of 
the ball into the blast, than on L where the spin tends to carry the ball 
away from the blast. If we could imagine ourselve.s on the golf ball, 
the wind would be stronger on the side M than on L, and.it is on the 
side of the strong wind that the pressure is greatest. The case when 
the ball is still and the air moving from right to left is the same from 
the dynamical point of view as when the air is still and the ball 
moves from left to right ; hence we see that the pressure is greatest 
on the side where the spin makes the velocity through the air^reater 
than it would be without spin. 

Thus, if the golf balh is moving as in Fig. 12, 
the spin increases the pressure on the right of the 
ball, and diminishes the pressure on the left. 

To show the difference between the smooth ball 
and the rough one, I bring the smooth ball opposite 
the blast ; you observe the difference between the 
levels of the liquid in the two arms of the gauge. 

I now move the rough ball into the place previously 
occupied by the smooth one, and you see that the 
difference of the levels is more than doubled, showing 
that with the same spin and speed of air blast the 
difference of pressure for the rough ball is more than 
twice that for the smooth. 

We must now go on to consider why the pressure of the aiif on 
the two sides of the rotating ball should be different. The gist 
of the explanation was given by Newton nearly 250 years ago. Wxifeng 
to Oldenburg in 1671 about the dispersion of light, he says, in the 
course of his letter, “ I remembered that I had often seen a tennis- 
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bill struck with an oblique racket describe such a curved line. For 
a cir(‘ular as well as progressive motion being communicated to it by 
that stroke, its parts on that side where tlje motions conspire must 
press and beat the contiguous air more violently, and there excite a 
reluctiincy and reaction of the air proportionately greater.” This 
letter has more than a scientific interest — it shows that Newton set an 
excellent precedent to succeeding mathematicians and physicists by 
taking an interest in games. The same ex])lanation was given by 
Magnus, and the mathematicjil theory of the effect is given 
by Lord Rayleigh in his pa])er on “ The Irregular Flight of a 
Tennis-Ball,” published in the ‘Messenger of Mathematics,’ vol vi. 
p. 14, 1877. Lord Rayleigh shows that the force on the ball 
resulting from this pressure difference is at right angles to the 
direction of motion of the ball, and also to the axis of spin, and that 
the magnitude of the force is proportioned to the velocity of the ball 
multij)lie(l by the velocity of spin, imiltiplied by the sine of the angle 
between the direction of motion of the ball and the axis of spin. 
The analytical investigation of the effects whicli a force of this type 
would produce on the movement of a golf ball has been discussed 
very fully by Professor Tail, who also made* a very interesting series 
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of experiments on the velocities and spin of golf balls when driven 
from tlui tec and the resistance they experience when moving through 
the air. 

As I am afraid I cannot assume that all my hearers are expert 
mathematicians, I must endeavour to give a general explanation 
without using symbols, of how this difference of pressure is established. 

Let us consider a golf-ball, Fig. 13, rotating in a current of 
air flowing pist it. The air on the lower side of the ball will have 
its motion cliecked by the rotation of the ball, and will thus in the 
neiglibourhood of the ball move more slowly than it would do if 
there were no golf ball present, or than it would do if the golf ball 
were there but was not spinning. Thus if we consider a stream of 
air flowing along tlie channel P Q, its velocity when near the ball at 
Q must be less than its velocity when it sUrted at P ; there must, 
then, have been pressure acting against the motion of the air as it 
moved from P to Q, i.e., tlie pressure of the air at Q must be greater 
than at a place like P, which is some distance from the biill. Now 
let us consider the other side of the ball : hei^ the spin tends to 
carry the ball in the direction of the blast of air ; if the velocity of 
the surface of the ball is greater than that of the blast, the ball will 
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increase tlie velocity of the blast on this side, and if the velocity of 
the ball is less than that of the blast, though it will diminish the 
velocity of the air, it will not do so to so great an extent as on 
the other side of the ball. Thus the increase in pressure of the air 
at the top of the ball over that at P, if it exists at all, will be less 
than the increase in pressure at the bottom of the ball. Thus the 
pressure at the bottom of the b^^ll will be greater than that at the 
top, so that the ball will be acted on by a force tending to make it 
move upwards. 

We have supposed here that the golf ball is at rest, and the air 
rushing past it from right to left ; tlie forces are just the same as if 
the air were at rest, and the golf lw.ll nishing through it from left to 
right. As in Fig. 13, such a ball rotating in the direction shown in 
the figure will move upwards, i.e., it will follow its nose. 

It may perhaps make the explanation of this difference of pressure 
easier if we take a somewhat commonplace example of a similar 
eflfect. Instead of a golf ball, let us consider the case of an Atlantic 
liner, and, to imitate the rotation of the ball, let us suppose that the 
passengers are taking their morning walk on the promenade deck, 
all circulating round the same way. When they are on one side of 
the boat they have to face the wind, on the other ride they have the 
wind at their backs. Now when they face the wind, the pressure of 
the wind against them is greater than if they were at rest, and this 
increased pressure is exerted in all dfrections, and so acts against the 
part of the ship adjacent to the deck; when they are moving with their 
backs to the wind, the pressure against their backs is not so great as 
when they were still, so the pressure acting against this side of the ship 
will not be so great. Thus the rotation of the passengers will yjcrease 
the pressure on the side of the ship when they are facing the wind, 
and diminish it on the other side. This case is quite analogous to 
that of tha golf ball. 

The difference between the pressures on the two sides of the golf 
ball is proportional to the velocity of the ball multiplied by the velo- 
city of spin. As the spin imparted to the ball by a club with a given 
loft is proportional to the velocity with which the ball leaves the club ; 
the diflference of pressure when the ball starts is proportional to the 
square of its initial velocity. The difference between the average 
pressures on the two sides of the ball need only be about one-fifth of 
one per cent, of the atmospheric jiressure to produce a force on the ball 
greater than its weight. The Ball leaves the club in a good drive with 
a velocity sufficient to produce far greater pressures than this. The 
consequence is that when the ball starts from the tee spinning in jthe 
direction shown in Fig. 14, this is often called underspin, the 
upward force due to the spin is greater than its weight, thus the’ re- 
sultant force is upwards, and the ball is repelled from the e^rth 
instead of being attracted to it. The consequence is that the path 
of the ball curves upward as in the curve A, instead of downwards as 
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in B, which would be its path if it had no spin. The spinninf' golf 
Imll is in fact a very efficient heavier than air flying machine, the 
lifting force may be many times the weight of the ball. 

The path of tlie golf ball takes very many interesting forms as 
the amount of spin changes. We can trace all those changes in the 
arrangement which I have here, and which I might call an electric 
golf links. With this apparatus I can subject small ])articles to forces 
of exactly the same tyj)e as those which act on a sj)inning golf ball. 



These jwirticles start from \\hat may bo called the tee A (Fig. 15). This 
is a red hot piece of platinum with a spot of l)arium oxide upon it, the 
platinum is connected with an electric Iwittery which causes negatively 
electrified particles to fly off the barium and trav(*l down the glass 
tube in which the ])lutinum strip is contained : nearly all the air has 
been exhausted from this tube. Those pirticlcs are luminous, so that 
the })ath they take is very easily observed. We have now got our 



Fig. 15. 


golf bills off from the tee, we must bow introduce a veitical force 
to act upon them to correspond to the force of gra\ ity on the golf 
ball. This is easily done by the horizontal plates B C, which are 
electrified by connecting them with an electric battery; the upper one 
is electrified negatively, hence when one of these particles moves 
between the plates it is exposed to a constant downwards force, 
quite analogous to the weight of the ball. Yoa see now when the 
particles pass between the plates their j)ath has the sha[>e shown in 
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Fig. 16 ; this is the iwith of a ball without spin. I can imitate the 
effect of spin by exposing the particles while they are moving to mag- 
netic force, for the theory of tuese particles shows that when a mag- 
netic force acts upon them, it produces a mechanical force which is at 
right angles to the direction of motion of the particles, at right angles 
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also to the magnetic force and proportional to the product of the 
velocity of the particles, the magnetic force and the sine of the angle 
between them. We have seen that the force acting on the golf ball is 
at right angles to tlie direction in which it is moving at riirht angles 
to the axis of spin, and proportional to the product of the velocity of 



Fig 17 


the ball, the velocity of spin and the sine of the angle between the 
velocity and the axis of spin. Comparing these statements you will see 
that the force on the particle is of the same type as that on the golf 
ball if the direction of the magnetic force is along the axis of spin 
and the magnitude of the force proportional to the velocity of spin, 




Fig. 18. 


and thus if we watch the behaviour of these particles when under the 
magnetic force we shall get an indication of the behaviour of the 
spinning golf ball. liCt us first consider the effect of under-spin on 
the flight of the ball : in this case the ball is spinning as in Fig; 
about a horizontal axis at right angles to the direction of flight. tTo 
imitate this spin I must apply a horizontal magnetic force at right 
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angles to the direction of flight of the particles. I can do this by 
means of the electro-magnet I will ])egin with a weak magnetic 
force, representing a small spin. You see how the path diflFers from 
the one when there was no magnetic force ; the path, to begin with, is 
flatter though still concave, and the carry is greater than before — see 
Fig. 17, a, f now increase the strength of the magnetic field, and you 
will see that the carry is still further increased, Fig. 17, h. I increase 
the spin still furthei, and the initial path becomes convex instead of 
concave, with a still further inciease in carry. Fig. is. Tiicreasing the 
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force still more, you see the partich^ soars to a great height, then comes 
suddenly down, ihe carry now being less than in the previous case 
(Fig. 19). This is still a familiar type of the |)ath of the golf ball. 
I now increase the magnetic force still further, and now we get a type 
of flight not to my knowledge ever observed in a golf ball, but which 
would be produced if w(‘ could put on more spin than we are able to 
do at present. You see there is a kink in th(‘ cu»’ve, and at one part 
of the path the ])article is actually travelling backwards (Fig. 20), 
Tncreasing the magnetic force 1 get more kinks, and we have a type 
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of drive which we have to leave to future generations of golfei’S to 
realise (Fig. 21). 

By increasing the strength of the magnetic field I can make the 
curvature so gmit that the particles fly back behind the tee, as in 
Fig. 22. 

So far I have been considering under-spin. Let us now illustrate 
slicing and pulling ; in these cases the ball is spinning about a 
vertical axis. I must therefore move my electromagnet, and place it 
so that it produces a vertical magnetic force (Fig. 2JI). I make the 
force act one way. say downwards, and you see the particles curve 
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away to the right behaviDg ]ike a sliced ball. I reverse the direction 
of the force and make it act upwards, and the particles curve away to 
the left, just like a pulled ball. 

By increasing the magnetic force we can get slices and pulls much 
more exuberant than even the worst we perpetrate on the links. 

Though the kinks shown in Fig. 20 have never, as far as I am 
aware, been observed on a golf-links, it is quite easy to produce them 



if we use very light balls. I have here a Util A made of very thin 
india-rubber of the kind used for toy balloons, filled with air, and 
weighing very little more than the air it displaces ; on striking this 
with the hand, so as to put underspin upon it, you see that it describes 
a loop, as in Fig. 24. 

Striking the Imll so as to make it spin about a vertical axis, you 
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see that it moves off with a most exaggemted slice when its nose is 
moving to the right looking at it from the tee, and with an equally 
pronounced pull when its nose is moving to the left. 

One very familiar ^property of slicing and pulling is that die 
curvature due to them becomes much more pronounced when tihe 
velocity of the ball has been reduced, than it was at the beginning 
when the velocity was greatest. We can easily understand why this 
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should be so if we consider the effect on the sideways motion of 
reducing the velocity to one-half. Suppose a ball is projected from 
A in the direction A B, but is sliced ; let us find the sideways motion 
B C due to slice. The sideways force is, as we have seen, proportional 
to the product of the velocity of the ball and the velocity of spin, or 
if we keep the spin the same in the two aises, to the velocity of the 
ball ; hence, if we halve the velocity we halve the sideways force, 
hence, in the same time the disphicement would be halved too. but 
when the velocity is halved the time taken for the ball to pass from 
A to B is doubled. Now the displaceim'Tit y)rodu(‘ed by a (*onstant 
force is proportional to the square of the time : hence, if the force 
had remained constant, the sideways deflection B V would have been 
increased four times by halving the velocity, but as halving the 
velocity halves the force, B is doubled when the velocity is halved : 
thus the sideways movement is twice as irn‘at when the velocity is 
halved. 




If the velocity of spin diminished as ra[)idly as that of translation 
the curvature would not increase as the velocity diminished, but the 
resistance of tlie air has more effect on the speed of the ball thau on 
its spin, so that the speed falls the more ra]>idly of the two. 

Tlie general effect of wind upon the motion of a spinninir ball 
cmi easily be deduccil from the principles we discussed in the earlier 
part of the lecture. Take, first, the case of a head-wind. This wind 
increases the relative vclo<*ity of the ball with respect to the air ; 
since the force due to the spin is proportional to this velocity, the 
wind increases this force, so that the effects due to spin are more 
pronounced when there is a heud-w iiul than on a calm day. All golfers 
must have had only too many oj>port uni ties of noticing this. Another 
illustration is found in cricket ; many bowlers are able to swerve when 
bowling against the wind who (*aunot do so to any considerable 
extent on a ailm day. 

Let us now' consider the elfect of a cross-wind. Suppose the wind 
is blowing from left to right, then, if the bill is pulled, it will be 
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rotating in the direction shown in Fig. 26 ; the rules we found for 
the effect of rotation on the difference of pressure on the two sides 
of a ball in a blast of air show that in this case the pressure on the 
front half of the ball will be greater tlmn that on the* rear half, and 
thus tend to stop the flight of the ball. If, however, the spin was 
that for a slice, the pressure on the rear half would be greater than 



the pressure in front, so that the difference in ])ressnre wf)iild tend to 
push on the ball and make it travel further than it other\Nise would. 
The moral of this is that if the wind is comiiur from the left we 
should play up into the wind and slice the ball, w’hile if it is (‘onnng 
from tlie right we should play uj) into it and pull the ball. 

I have not time for inon^ than a few words as to how the ball 




acquires tlie s]»in from the clul). But if you grasp tht‘ principle that 
the action between the club ami the ball dejituids onl\ on their relatirp 
motion, and that it is the same whether we ha\e the ball lived and 
move the club, or hafe the club fixed and project the ball agaiiifA it, 
the main features are \ery easily understood. 

Suppose Fig. 27 rt^presents the section of the head of a lofteil Club 
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moving horizontiilly forward from right to left, the efiFect of the 
impact will be the same as if the club were at rest and the ball were 
shot against it horizontally from left to right. Evidently, however, in 
this case the ball would tend to roll up the face, and would thus get 
spin about a horizontal axis in the direction shown in the figure ; this 
is underspin, and produces the upward force which tends to increase 
the carry of the ball. 

Suppose, now, the face of the club is not square to its direction of 
motion, but that looking down on the club its line of motion when 
it strikes the ball is along P Q (Fig. 28), such a motion as would be 




produced if the arms were pulled in at the end of the stroke, the eflFect 
of the impact now will be the same as if the club were at rest and the 
ball projected along R. 8, the ball will endeavour to roll along the face 
away from the striker ; it will spin in the direction shown in the figure 
about a vertical axis. This, as we have seen, is the spin which produces 
a slice. The same spin would be produced if the motion of the club 
was along L M and the face turned so as to be in the position shown 
in Fig. 29, i.e., witli the heel in front of the toe. 

If the motion and position of the club were as in Figs. 30 and 
31, instead of as in Figs. 28 and 29, the same consideration would 
show that the spin would be that iK)sse8Bed by a pulled ball. 

[J. J. T.] 
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Professor William J. Pope, M.A. F.R.S. 

The Chemical Significance of Crystal Structure, 

Large numbers of chemical substances occur on the earth’s surface 
as definite geometrical forms bounded by plane faces ; these poly- 
hedral shapes are called crystals. Inspection of the crystal forms 
assumed by mineral substances shows that, roughly speaking, each 
crystalline substance affects some specific geometrical shape which is 
characteristic for the material ; further that, whilst crystals of any 
particular mineral attain vastly different dimensions and are bounded 
by planes which vary greatly in relative areii, one geometrical feature 
remains constant. The angles between corresponding pairs of faces 
on any two crystals of the same substance are the same, notwithstand- 
ing the existence of difference in size, or in relative face magnitude 
between the two crystals. The constancy of interfacial angle amongst 
crystals of the same substance is a law of nature, and has been amply 
demonstrated by the very careful crystallographic measurements made 
by Tutton during the last 20 years. 

It is, however, not essential to study mineral substanceralone in 
order to obtain a knowledge of the laws governing crystal growth. 
Great numbers of laboratbry products can be caused to crystallise by 
condensatiqn from some fluid condition ; thus, the crystals of various 
alums exhibited were obtained by slow evaporation of aqueous solu- 
tions of these salts. 

The examination of a crystal shows that many of its physical 
properties differ according to the direction in the crystal in which 
the property is determine ; the hardness of crystals, the speed at 
which light travels through them, and many otlier properties, are 
commonly dependent on the direction in which the material is 
examined. 

The dependence of crystal properties on direction indicates the 
most essential feature of the crystal to be a definite and orderly 
arrangement of its ultimate particles ; this arrangement is referred 
to as the crystal structure, further evidence that crystals possels an 
arranged structure istumished by the observation that crystallisation 
is not necessarily a spontaneous process. Thus, on melting beaizo- 
phenone and rapidly cooling the clear molten mass, the liquid state is 
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retained for many hours at a temperature far below the normal melting 
point of the compound. But on inoculating the liquid with a truce of 
crystalline benzophenone crystallisation immediately commences and 
rapidly becomes complete. The introduction of a small particle of 
crystalline or aiTanged material into the liquid mass provides a nucleus 
upon which the molecules are able to de|)osit themselves in a similar 
crystalline arrangement; the process thus started quickly becomes propa- 
gated throughout the entire mass. The lack of spontaneity in the pro- 
cess of crystallisation leads occasionally to quite unexpected results. 
Thus, tetrahydroquinakline has been known for many years, and has 
been prepared by numbers of chemists. It has always been obtained 
as a liquid, and has never bt‘en supposed capable of existing in the 
crystalline state at ordinary tcm])eratures : even when cooled in liquid 
air it merely becomes a thick resin, and does not crystallise. But on 
dissolving a few drops of it in a little light petroleum and cooling the 
solution thus obtained in liquid air, the tetrahydroquinaldine crystal- 
lises out ; on transferring a rrace of the crystalline material obtained 
to the licjuid substance at the ordinary temperature, the liquid mass is 
seen to immediately crystiillise. This well-known substiince, hitherto 
known only in t)ie liquid state at ordinary temperatures, really exists 
in a more stable condition as a cryshilline solid. 

Many substances are capable of crystallising in two or more dis- 
tinct crystiilline forms of which one is, in general, the more stable at 
any particular temperature. Tlie physical properties of the several 
crystalline modifications of any one substance are quite distinct and 
chanicteristic for the particular crystalline form and, in many in- 
stances, even the colours of the several modifications are dilfereut. 
All example of this is afforded by pouring boiling water into a beaker 
coated with cuprous mercuric iodide ; the brilliant scarlet crystalline 
form stable at ordinary tenij)eratures, when heated in this way, becomes 
converted into another crystalline modifi(;ation which is nearly black. 
The change is a reversible one, and the differences between the pro- 
perties of the two crystalline modifications are to be attributed to differ- 
ences in the mode of arrangement of the molecules in the two cases ; 
the two modifications, in fact, possess different crystalline structures. 

Although vast numbers (»f observations, such as the preceding, 
lead to the conclusion tliat crystals are arranged structures, it is not 
essential that the cryskd should be a solid substance ; during recent 
years large numbers of crystalline licjuids have been discovered. On 
allowing melted cholesteryl chloride to cool rapidly a brilliant display 
of interference colours is seen owing to the particles of the substance 
assuming crystalline or orderly arrangement whilst still retaining the 
liquid condition. 

Having very briefly reviewed some of the many reasons for con- 
cluding that crystals are structured edifices, the nature of the archi- 
tecture which they exhibit may now be considered. All the properties 
of crystalline solids harmonise with one simple assumption as to the 
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manner in which the parts of the structure are arranged ; this assump- 
tion is that the structure is a geometrically “ homogeneous ” one, 
that is, a structure the parts of which are uniformly repeated through- 
out, con'esponding points having a similar environment everywhere 
within the edifice. The assumption of geometrical homogeneity as 
the characteristic of crystalline solids leads at once to the great problem 
solved by the crystallographei’s of the nineteenth century. This con- 
sisted in the inquiry as to how many types of homogeneous arrange- 
ment of points in space are j^ossible, to the study of those types and 
to their identification, in symmetry and other respects, with the known 
systems intow^hich cij'stalline solids fall. This work was commenced 
by the German (Tystallographer Frankenheim in 1880, and completed 
by the English geometrician Barlow' in 1894. Briefly stated, the final 
conclusion has been attained that 230 geometrically homogeneous 
modes exist of distributing material, or points representing material 
throughout space, and that these 230 homogeneous types of stnicture, 
the so-called homogeneous “ point-systems,” fall into the 32 types of 
symmetry exhibited by crystalline solids. Models of a number of 
homogeneous point systems illustrating some of these types are 
exhibited. 

It is, however, obvious that the limitation of the possibilities of 
solid crystalline arrangement to 230 types marks but one stage in the 
determination of the nature of crystal structure, and throws no direct 
light on the relation betw'een crystal structure and chemical constitu- 
tion. Although by the end of the nineteenth century we had learnt 
that corresponding points of the units of crystalline structures form 
homogeneous point-systems, the great problem still remained of 
determining wmat are the entities which become homogeneously 
arranged, for what reason they become so arranged, and in what way 
the conclusions drawn by modern chemistry are reflected in crystal 
structure. This problem was a legacy to the twentieth century, and 
it now remains to indicate briefly the extent to which it has been 
solved and the results of chemical importance which have accrued 
during its investigation. 

The problem may be most easily visualised in connection with 
some comparatively simple case, that, for instance, presented by the 
crystalline forms assumed by the elements themselves. It is gene- 
rally admitted that an elementary substance consists of identical 
atoms, each of which acts as a centre of operation of attractive and 
repulsive forces. In a solid crystalline structure the atoms are 
obviously not free to travel through the mass, each, if not indeed 
fixed to a particular spot, being retained within a certain mifiute 
domain ; each of these domains must be regarded as possessing a cefitre 
which marks the mea);i position of the atom. 

The crystalline condition of an element may consequently l)e 
defined as one of equilibrium between forces of attraction and repul- 
sion emanating from or referable to a flock of points homogenecfusly 
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arranged in space, that is to say, of points of a homogeneous point- 
system. Under these conditions, the space occupied by a crystalline 
element, a homogeneous assemblage of identically similar atoms, 
may be partitioned into identically similar cells in such a manner 
that the boundaries of a single cell shall enclose the entire domain 
throughout which a particular atom exercises predominant influence. 
Since it is postulated that every point in the space is subject to the 
dominating influence (»f some next neighbouring atomic centre, it 
follows that the cells fit together so as to occupy the whole available 
space without interstices. Nothing is here said about the shape of 
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the cells ; hut since, in the aisc of an elementary substance, the 
atomic centres are all alike, so too will be the cells. Before pro- 
ceeding to discuss the actual shapes of the cells referred to, it will 
be convenient to illustrate more graphically the mode of treating 
the problem which is here introduced with the aid of a particular 
point-system connected with the crystalline structure of elementary 
substances 

The point-system in question may be derHed in the following 
mnnner. Spnee is first partitioned into cubes three sets of 
parallel planes at right angles to one another (Fig. 1) ; a Mint is 
then placed at each cube corner and at the centre of each cube ace. 
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Fio. 2. 




Fig. 4. 
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The cubes of the partitioning, having served their purpose, may now 
be removed, leaving one of the 230 types of homogeneous point- 
systems (Fig. 2). Imagine next that each point of the system expands 
uniformly in all directions until it touches its neighbours ; a system 
of spheres packed together in contact is thus obtained (Fig. 3), and, 
on examination, it is found that no way exists of packing these emal 
spheres more closely together than the one thus derived. The 
system is therefore termed the cubic closest-packed assemblage of 
equal spheres and, being derived in the manner described, still 
retains the high symmetry of the cube ; the fragment shown, in fact, 
outlines a cube. Three directions at right angles in it, those which 
are parallel to the three cube edges, arc seen to be identical in kind ; 
this identity in kind in the three rectangular directions, a, b and c, 
is conveniently expressed by the ratio, = 

On removing spheres from one comer of the cubic closest-packed 
assemblage of equal spheres a close triangularly arranged layer is 
disclosed, and, by similarly treating each corner of the fragment of 
assemblage, the cube outline gives place to one of octahedral form. 
The assemblage is now seen to be built up by the superposition of 
the disclosed triangularly arranged layers, the hollows in one layer 
serving to accommodate the projecting parts of the spheres in adjacent 
layers. When this operation is performed it is perceived, however, 
that two ways of stacking the layers homogeneously are possible. 
The first of these, in w’hich the fourth layer lies immediately over 
the first, the fifth over the second, and so on, yields the cubic closest- 
packed assemblage. The alternative mode of stacking, in which the 
third layer lies immediatelyover the first, the fourth over the second, 
and so on, exhibits the same closeness of packing as the lirst, but 
possesses the symmetry of the hexagonal crystal system ; it is accord- 
ingly termed the hexagonal closest-packed assemblage of equal spheres 
(Fig. 4). Examination of the hexagonal assemblage shows that the 
horizontal directions, in the planes of the layers, are not identical in 
kind with vertical directions, perpendicular to the planes of the layers. 
Corresponding dimensions in these two directions, a and r, are in the 
ratio of 

a\c ^ 1 : >/(§) = 1 : 0-8165. 


The final step in the treatment of the closest-packed assemblages 
of equal spheres consists in converting them into the corresponding 
assemblages of cells fitting together without interstices which l^ve 
been alre^y mentioned ; it may be earned out in these, and in all o^her 
cases, by causing the component spheres to expand uniformly ii| all 
directions until expansion is checked by contact with the expanding 
parts of neighbouring spheres. The cubic closest-packed assembbge 
then becomes a stack of twelve-sided polyhedra, rhombic dodecahedra, 
which are so fitted together as to fill sp^ without interstices. It is 
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now seen that the even rate of expansion from each point of the 
original point-system which gives rise to the closely packed stack of 
rhombic dodecahedra, symbolises au even radiation in all directions 
of the forces of which the atom is the centre of emanation. On 
applying the same operation of expansion to the spheres present iii 
hexagonal closest-packing, each becomes converted into a dodecii- 
hedron, although of symmetry different from that of the rhombic 
dodecahedron. In eacli of the two cases the system exhibits the 
important property that, with a given density of distribution of the 
centres, a maximum distance prevails )>et\\een nearest centres ; these 
two systems thus represent the equilibrium arrangements of the postu- 
lated forces of repulsion exerted between near centres, the repulsions 
between more distant ones being neglected. 

It will be sufficiently evident from what has been said that the 
function of the spherical surfaces in the closest-packed assemblages of 
spheres, as representing crystal structures, is merely a geometrical 
one ; these surfaces are employed only its so much scaffold ing*^by the 
aid of which may be derived arrangements exhibiting a maximum 
number of equal distances betw'een neighbouring centres, and no phy- 
sical distinction ‘'c- to be made between portions of sj)ace lying within 
the spheres and portions forming part of the interstices between them. 
Insistence on this point is necessary, because many investigators have 
made use, quite illegitimately, of spheres for the representation of 
atomic domains, piling the spheres together in what they have termed 
open packing ; this term seems to imply that some physical difference 
can subsist between the portions of space lying within the spheres and 
those lying without. The one kind of space is apparently regarded 
fis susceptible to atomic influence in some sense not exhibited by the 
other. To state this view in any definite manner probably suffices to 
demonstrate its superficiality : the question of ascertaining what pro- 
portion of the total space is available for atomic occupation by the 
use of assemblages of spheres does not arise because the spheres used 
are solely the geometrical instruments for producing equality amongst 
the atomic distances, and so determining the prevailing equilibrium 
conditions. 

So far as the enquiry has been cjiiTied, it would seem that the 
elements should crystallise either in the cubic or the hexagonal 
system, and that in the latter case corresponding dimensions in the 
horizontal and vertical directions should be in the ratio of n :r =■ 
1 : 0*816r>. The facU are summarised in Table I. 

Of the elements which have been crystallogniphically examined, 
50 per cent, are cubic ; their crystal structure is simulated by the 
cubic closest-packed assemblage of equal spheres. Another 85 per 
• cent, belong to the hexagonal system, and that these are correctly 
represented by the hexagonal closest-packed assemblage of equal 
spneres is indicated by the fact that for the hexagonal elements, the 
ratio of correspondiDg dimensions in the horizontal and vertical direc- 
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tions approximates to the value a :c = 1 : 0*8165, deduced for the 
model assemblage. 

The task of accounting for the 15 per cent, of the crystalline ele- 
ments which have been examined and foTind to crystallise in systems 

Table I. — Relation between Crystal Form and Molecular 
Complexity. 


CrysUl System. 


Cubio .... 

Hexagonal 

Tetragonal 

Orthorhombio *. 

Monosymmetric 

Anorthic .... 

Number of cases summa-j 
rised in each vertical! 
column . I 


Number of Atomi» In Molecules of Com- 


Ele- 


pound Inorganic Substances. 

1 

Organu 

ments. 

2 

3 

4 

s 

1 

More 1 
than 6 

1 Com- 
pounda 

60 

68-5 

42 

5 

12 

5*8 

2*5 

35 

19*5 

11 

35 

38 

14*6 

i 4*0 

5 

4*6 

19 

5 

6 

7 

1 5-0 

5 

3*0 

23*5 

50 

36 

27-3 

' 34 0 

5 

4*6 

3 

6 

6 

37*3 

, 47-5 

0 

0 

1*6 

f 

0 

2 

8 

' 70 

40 

67 

63 

20 

50 

673 

586 


The proportion of substances crystallising in each system is stated 
above as a percentage. 

other than the cubic or hexagonal still remains. A little inspe(‘tion 
shows that the crystal forms of these elements in every case approach 
very closely to one or other of the two of highest symmetry, namely 
the cubic or the hexagonal ; one example of this will nq;^' suffice. 
The values of corresponding dimensions in three directions in space 
for the monosymmetric form of the element sulphur are given by the 
axial ratios a : b : c = 0*'9958 : 1 : 0’9998, /3 = 95^ 46'. The slight 
departure of these dimensions from the con'esponding values for the 
cubic closest-packed assemblage, in which a : b : c ^ I : 1 : 1, p -= 90°, 
at once suggests that the monosymmetric modification of sulphur is 
derived from the latter assemblage by some minute distortion. Such 
a distortion indicates a very trifling departure from uniformity in the 
influence exerted in different directions from each atomic centre, and 
may either arise from some want of symmetry in the individual atoms, 
or in a reduction of the symmetry caused by some grouping of the 
atoms ; two or more atoms might thus be more closely connected in 
some way with one another than with other next neighbouring atoms. 

Having shown that the crystalline forms of the elements are in 
complete harmony with the conception that crystal structures c$n be 
homogeneously divided into similar cells of polyhedral shapes 
approximating closety to the spherical, reference may now be m^e 
to some simple compounds, those, namely, in which the mol^ule 
consists of two dissimilar atoms. 

The conception of the equilibrium of centred forces which has 
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been shown fertile in the case of the crystalline elements can be 
immediately applied to the binary compounds ; as before, each atom 
will be represented by forces emanating from a centre, and equilibrium 
will demand closest packing of the spheres used, just as in the 
previous case. The atomic centres will now, however, be of two 
tdnds, and the question arises as to whether the domains of atomic 
influence to be described about them will be all of the same magnitude 
or whether two magnitudes of spheres must be employed, one for 
each element present. This question is difficult to answer by refer- 
ence to the facts already reviewed above ; probably the only indica- 
tion which the latter afford in this connection is that closest-packing 
of a considerable variety of different magnitudes would certainly be 
most unlikely to lead to the close similarity of crystal form observed 
as between the elements and the binary compounds. A direct 
answer is, however, provided as the result of investigating the 
crystalline forms of organic substances, to which reference will 
presently be made ; this investigation has led to the discovefy of a 
definite law which governs the magnitudes of the several kinds of 
atomic domain concerned in any crystalline compound substance. 
It is found that magnitudes of the atomic domains in any 
crystalline compound are very approximately in the ratio indicated 
by the fundamental valencies of the corresponding elements. Since 
the molecules of nearly all the binary compounds which have been 
crystallographically examined contain in the molecule one atom each 
of two elements of the same valency, the polyhedral cells from which 
a crystalline binary compound must be supposed built up are all, in 
general, of approximately the same magnitude. The fact that most 
binary compounds, like most elements, eryshillise in either the cubic 
or the hexagonal system, represents one of the simple results of this 
law of valency volumes. 

The binary compounds thus, in general, affect crystalline struc- 
tures which are derived from the cubic or the hexagonal closest- 
packed assemblage of equal spheres ; one-half of the spheres, selected 
homogeneously, represent atoms of the one element and the remainder 
atoms of the second element. The mode in which the necessary 
homogeneous selection may be made in the cubic assemblage, without 
altering the values of corresponding dimensions in three rectangular 
directions, is shown in a model. 

The crystalline forms of the binary compounds are in accordance 
with what has been above foreshadowed. Table I. indicates that in 
geometrical res})ect8 the crystalline binary compounds closely resem- 
ble the elements ; 08 * 5 per cent, of those examined are cubic and 
19 • 5 per cent, hexagonal, the remaining 12 per cent, crystallising in 
systems of lower symmetry than these. The axial ratios, a : r, of aU 
the hexagonal binary compounds known are stated in Table II.; all 
approximate closely to the value, a:c 1 :0'8165, for the model 
hexagonal closest-packed assembl^e of equal spheres. 


HS VoJ 7 r 
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Tablb n. — Hexagonal Binaby Oompounds. 


a : c 


Beryllium oxide 

BeO 

1 : 0-8163 

Zinc oxide 

ZnO 

1 : 0*8039 

Zino sulphide . 

ZnS 

1 : 0*8176 

Cadmium sulphide 

CdS 

1:0-8109 

Silver iodide 

Agl 

1:0-8196 

The ratio, 1 : v'(S) • 


1 : 0-8166 


In connection with the elements and binary compounds it is note- 
worthy that the mode of treatment described appears practically to 
eliminate molecular aggregation of the atoms as a factor in determin- 
ing the crystalline structure ; that is to say, the distance separating 
two neighbouring atom centres is the same whether those atoms 
belong to the same or to different molecules. Another interest- 
ing fact is that, whilst the elements and binary compounds for 
the most part crystallise in the cubic or hexagonal systems, sub- 
stances of greater molecular complexity rarely crystallise in these 
highly symmetrical systems ; thus, of a great number of organic 
compounds examined, 2*5 and 4*0 per cent, only belong to the 
cubic and hexagonal crystalline systems respectively (Table I). This 
observation is important as one of many indications that the cells 
into which the crystal structure of a complex compound are par- 
titionable are not, in general, all of the same volume. Further in- 
vestigation shows that the volumes of the polyhedral cells representing 
the atomic domains of the several elements present in a complex crystal- 
line compound are governed by the law of valency volumes to which 
reference has already been made. The correctness of this conclusion 
concerning the proportionality between the numbers expreSfeing the 
fundamental valencies of the elements and the volumes of the corre- 
sponding spheres of atomic influence has been abundantly verified, 
not only by the laborious process of working out a large number of 
cases, but in several other ways which may be more rapidly indicated. 
The following are illustrations of the latter kind of verification. 

Table III. states the composition and axial ratios, a : b ic^ of a 
series of four crystalline minerals ^\hich differ in composition by 
the increment, MgaSi 04 ; the sums of the valencies of the atoms 
composing the different molecular aggregates are stated under the 
heading, W. The increment, Mg 2 Si 04 , also occurs as the crysttilline 
mineral forsterite, of which the axial ratios have been determ hied. 
It is evident that the ratio, a/b, has approximately the same value 
of 1*08 for all four members of the series, and that practically all 
differences in relative dimensions are expressed by the ratio, c/b. 
On dividing the valency volume, W, by the corresponding 'Wtlue 
for cjb in each case, the quotients 11*7, 12*1, 12*3, 12*4 and |2“7 
are obtained respectively for the substances prolectite, chondrodite, 
humite, clinohumite, and forsterite. The relative dimension, cfb, is 
thus roughly proportional to the sum of the valencies in this set of 
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minerals. The comparison may, however, be made more accurately 
by including the changes in both relative dimensions, ajb and cjb^ in 
the calculation in the following manner. The “ equivalence para- 
meters ” are the rectangular dimensions, aj, y and s, of a rectangular 
block having the volume W, and are in the ratio of the axial ratios, 
a-.b ic. The parameters x and y preserve almost constant values 
throughout the series, and addition of the increment, Mg^SiO^, leads 
to a practically constant increase of about 2 • 86 in the dimension 2 , 
on passing from one mineral to the next in the series. The mineral 
forsterite also gives nearly the same x and y values as before, and its 
z value, 2 • 87, is equal to the differences between consecutive pairs of 
z values in the main series ; these differences vary between 2*85 and 
2*88. The axial ratios and equivalence parameters of forsterite can 
indeed be calculated with considerable accuracy from the data avail- 
able for the series of four minemls. 

Table III.— The Humite Mdsiebalb. 

Prolectite . MgSiO^, 2Mg(P,OH) . W = 22 

Ghondrodite . Mg 3 (SiO,h, 2Mg(P,OH) . W = 38 

Husfeiitc*. . Mg^jSiOJ,, 2Mg{F,OH) . W = 54 

CUndhumite . Mg,(SiOj„ 2Mg(F,OH) . W = 70 

The increment is Mg 2 Si 04 , namely, forsterite, with W = 16. 

Ajcfal Ratios. Equivalence Paimmeten. 

a : b : c X ; y : a 

Prolectite . 1 • 0803 : 1 : 1 • 8862 2 • 389 : 2 • 210 ; 4 * 169 

Difi. = 2-861 

Ghondrodite . 1-0863 : 1 : 3*1447 2*425 : 2-232 : 7-020 

Diff. = 2*877 

Humite . . 1*0802:1:4*4033 2*428 : 2*247 : 9*897 

Diff. = 2-858 

Olinohumite . 1-0803:1:5*6588 2*435 : 2*254:12*756 

Values for the increment, forsterite. 

Observed. . 1 0757:1:1*2601 2*449 : 2*277 : 2*869 

Calculated . 1*0823:1:1*2776 2-429 : 2*245 : 2*867 

The relations here displayed may be rendered more obvious by 
a series of models (Fig. 5). Rectangular blocks having as the 
horizontal dimensions the x and y values, and as vertical dimen- 
sion the z value, for forsterite, when superposed u^n a similar 
set of blocks having the corresponding dimensions for prolectite, 
form a stack exhibiting the equivalence parameters of chondrodite ; 
superposing on this a second set of forsterite blocks leads to a stack 
showing the equivalence parameters of humite, a^d on again repeating 
the operation, a stack with the dimensions of clinohumite results. 
From the numerical data and the models exhibited it must be 
regarded as definitely proved that, in this series, the volumes appro- 
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priated by the constituent atoms are, in any one member, directly 
proportional to the valency numbers of the corresponding elements. 

Another set of observations of a very convincing character, 
although of a totally different kind, is laid out in Table IV. 


Table IV. — Molecular Volumes op the Normal Paraffins 
AT THEIR Melting Points. 





1 Molecular Volumes. 

— 

w. 

Melting Point fi. 

1 

- 




Observed at t®. 

Calculated as 

w xs. 


68 

- 26-5 

201-4 

201*% 


74 

- 12-0 

219*9 

219*78 

CuH„ 

80 

- 6-2 

237*3 

237*60 

^ 14^30 

8G 

+ 4*5 

255*4 

255*42 


92 

+ 100 

273*2 

273-24 

^ 1«^34 

98 

+ 18-0 

291 2 

291*06 

0|,H„ 

104 

+ 22-5 

309*0 

308*88 

OnH,, 

110 

4- 28*0 

326*9 

326*70 

C„H„ 

lie 

+ 32 0 

344*7 

344*52 


122 

+ 36-7 

362*5 

362 34 

C„H„ 

128 

+ 40-4 

380*3 

380*16 


134 , 

+ 44 4 

398*3 

1 398*00 

CajH,, 

140 

+ 47-7 

416*2 

415*80 


146 

+ 51 1 

434*1 

433*62 

C„H., 

164 

+ 69*6 

487*4 

487*08 

C,iH„ 

188 , 

+ 68-1 

558*4 

558*36 

C„H., 

194 

4- 70-0 

576*2 

576*18 


212 

4- 74-7 

629*5 

629*64 


Mean value of S = 2 • 970. 


Experimental determinations of the molecular volumes of a long 
series of normal paraffins, made on the liquid substances at tempera- 
tures at which the materials are in physically similar conditions, 
are stated in column 4. Since the valency of carbon is four 
times that of hydrogen it would be anticipated from the crystallo- 
graphic conclusions previously drawn, that each carbon atom should 
appropriate four times as large a space for occupation as one hydrogen 
atom ; the quotient of the molecular volume by the valency sum or 
valency volume, W, should consequently lead to the same value, S, 
in the case of all the hydrocarbons. The mean value of S, namely, 
the atomic volume of hydrogen, is thus calculated as 2 *970, and that 
it is constant within very narrow limits is seen on comparing columns 
4 and 5, the latter of which states the product of the valency volume, 
W, by the value 2*970. The simple relation between the atomic 
volumes of carbon and hydrogen in the liquid normal paraffins indi- 
cated in the above table was recently pointed out by Lebas, and is 
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abandantlj confirmed by numerous series of determinations in addi- 
tion to that now quoted. It is thus definitely proved that the law 
of valency volumes, first enunciated on the ground of the crystallo- 
graphic evidence, holds rigidly in the case of these liquid substances. 

Sufficient has been said to demonstrate that a method has now 
been devised by means of which the vast stores of accurate gonio- 
metric measurements collected by crystallographers during the past 
century can be interpreted and that the requisite interpretation has 
in many cases already been given. Professor Liveing, in a discourse 
delivered in this room nineteen years ago, suggested that crystalline 
forms are the outcome of the accepted principles of mechanics ; the 
aid of these, and of these alone, has been invoked to show that crys- 
talline structures result from the equilibrium of the attractive and 
repulsive forces radiating from the atomic centres. 

[W. J. P.] 



Friday, January 20, 1911. 


His (jUace the Duke ok Northumbeuland, K.O. O.C.L. F.R.S., 
President, in the (’hair. 

Professor Sir James Dewar, M.A. LL.D. J).S(\ F.R.S. 

Fullerian Professor of Oheinistry. 


(Uiemii'al and Physical ('hange at Low Temperatures. 

The retiirdinj^ effect of extremely low teiii])eratures on chemical 
action has loiii^ been known, and it was generally supposed that at a 
sufficieutly low. tem]K‘ratnre all such action would be completely 
suspend(‘d. This mferonce was much shaken when it was found 
that li<pud hydrogen and solid tiuoriue combined with explosive 
violence at 20 absolute.* One of the most (‘haracteristic reactions of 
ozone is that it can be dissolved in carbon disulphide at a teinpei’a- 
ture of about -100 showing a deep l>lue colour, whereas on 
slightly raising the temperature the colour disapj»ears owing to rapid 
oxidation. But perhaps the most remarkable of all low temperature 
reactions is the fact mentioned in the Friday Evening Discourse, 1910, t 
that solid oxygen at the temperature of boiling hydrogen is capable 
of being partially transformed into ozone by the impact of ultra-violet 
rays. In this case the action is clearly a molecular transition, involv- 
ing the absorption of energy, taking place in the solid state in one 
body, and not an interaction of two bodies as in the cases of ozone 
and carbon disulphide, and the combination of litpiid hydrogen and 
solid fluorine. 

Action of (^zone at the Temperature of Liquid Air. 

A convenient method of illustrating the effects of low tempera- 
tures on cliemical action is by the use of licjuid and gaseous ozone. 
For the purpose of experiment its condensation can be easily effected 
with the aid of liquid air, in the following manner. Oxygen, after 
cleaning by j>a8sing through a U-tube B (Fig. 1) immeraed in liquid 
oxygen, is exposed to the silent electric discliarge in the ozoniser 0, and 
bubbled through the tul>e D, the end of whicli dips into liquid air in 

* Moissan and Dewar, Comptea liendus, vol. CXXXVI. p. 643. 
t Proo. Itoy. Inst., vol. XIX. p. 926. 
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the vacuum vessel E. In a short time a rin«: of blue liquid begins to 
form in the tube a little above the level of the liquid air. This is 
condensed liquid ozone, which quickly dissolves when brought into 
contact with the liquid air. 

The rapid oxidation of silver, aa shown by the blackening of the 
metal which results from the action of ozone on a plate of polished 
silver at ordinary temperature, is well known ; if, however, a strip of 
silver G (Fig. 1) be cooled in liquid air and placed in the tube F 
connected to the ozoniser C and subjected to the action of the 
gaseous ozone, no blackening is noticed for a considerable time, but as 

soon as it warms up to the 
temperature of the room the 
strip turns black. If a similar 
piece of silver be immersed 
in liquid air containing ozone 
in solution, and left there in- 
definitely, there is no apparent 
^ action and no blackening 
results. 

From the early days of 
low temperature research it 
has been known that mere 
cooling to the temperature of 
liquid air does not destroy 
bacterial life, the organisms 
recovering their vital func- 
tions after weeks of immer- 
sion. The bactericidal effect 
of the ultra-violet light was 
discussed in the Friday 
Evening Discourse, 1910, on 
Light Reactions at Low 
Temperatures,* when it was 
shown that the effect of the 
ultra-violet light on bacteria. 
Fig. 2. even at the temperature of 

liquid air, was to pulverize 
the organisms. It has been found by experiment that the bacteria 
can be protected from the action of the ultra-violet light by means of 
thin ^eet lead. Aluminium foil, on the other hand, is sufficiently 
transparent for the ultra-violet rays to remain effective in killing the 
bacteria. 

Bacteria cooled in liquid air may also be subjected to the action 
of the cathode discharge in the following way. A glass tul>e A 
(Fig. 2), provided with platinum electrodes B and C, is connected 

* Froo. Roy. Inst., vol. XIX., p. 921. 
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at D by means of a vaselined ground-glass joint to a tube E. The 
luminous bacteria, cultivated on a thin surface layer in a tin cup 
F, is placed in the bottom of the tube E, the end of which is immersed 
in liquid air. The united tubes are then sufficiently exhausted to 
allow the discharge to pass, and the cathode rays from B strike 
directly on the surface of the bacterial culture. Experiments have 
shown that hours of the cathode discharge will not kill the bacteria. 


Solidification of Gases. 

With regard to the liquefaction and solidification of gases, all have 
been liquefied and solidified except helium, which still resists solidi- 
fication, although its temperature has been reduced to below 3“ abs. 



Fiq. 3. 


The solidification of oxygen has been finally accomplished b^ the 
aid of a charcoal vSbuum and of thermal isolation, such as can be 
obtained with silvered vacuum vessels. The difference as regards 
solidification of the three liquids — nitrogen, hydrogen, and oxygen — 
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is plainly shown when they are made to boil by exhaustion in 
jacketed glass tubes (Fig. 3) connected to a powerful pump. The 
nitrogen and hydrogen turn into snowy solids ; but the oxygen 
remains liquid. 

It seems strange that while liquid hydrogen or nitrogen can 
be thus easily changed into the solid condition by evaporation under 
exhaustion, yet the ordinary air-pump fails to effect the transition of 
state in the case of liquid oxygen. This is due to the small vapour- 

E ressure of solid oxygen at its melting point, as compared with 
ydrogen or nitrogen under similar conditions — together with the 
greater need of very perfect heat-isolation in the arrangement of 
the experiment. With the aid of charcoal as a gaseous condensing 
agent at low temperatures, combined with the employment of proper 
vacuum vessels, the change from the liquid into the solid can 
be effected. Pure liquid oxygen, contained in a properly isolated 
vessel, subjected to the exhaust produced by a quantity of charcoal 
kept at about the temperature of boiling oxygen, has its pressure 
lowered suflSciently to produce solidification to a transparent jelly. 
The pressure at which solidification takes place is determined by 
connecting a Ml’Lcod gauge to the vessel containing the solid oxygen. 

About 75 grm. of good coconut charcoal is necessary to produce 
and maintain the necessary conditions of exhaustion. From 5 to 
10 c.cni. of liquid oxygen are employed, previously exhausted by 
an air-pump. The oxygen exhibits considerable supercooling, and 
a pressure of less than half the melting pressure can usually be 
maintained on the liquid without producing solidification. These 
experiments indicate that the melting-point pressure is between 
1*115 and 1*125 mm. 

Fig. 4 shows the arrangement of the apparatus. Fig. 5 shows a 
modification, in which the oxygen is condensed in a bulb immersed in 
the solid oxygen produced by the charcoal exhaust. 

In Fig. 4, A is a silvered vacuum-jacketed tube, with an uncoated 
slit, containing the oxygen to be exhausted. This is further isolated 
by a larger vacuum tube B, also silvered, and with a clear slit as 
above, which contains liquid air under an exhaust of less than 
20 mm. A is sealed by the tube E on to a T-piece, whose limbs 
connect (1) through a constricted portion to bulbs containing per- 
manganate of potash crystals and phosphoric anhydride respectively, 
(2) to a three-way cock C, to the arms of which are sealed (<?) 
the bulb D, conhiining 75 grm. of coconut charcoal, (b) a T-piece 
connecting to the mercury-pump stopcock and the McLeod gauge. 
As soon as the charcoal vacuum is turned off the oxygen jelly 
melts, to solidify once more when the vacuum is again turned on. 
The reason of the peculiar behaviour of the oxygen will be under- 
stood from the following table, giving the melting-point pressures 
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Helium 


Melting Point 
Pressure 
Below 2 mi 

Absolute 
Temperature 
Below 2° *6 

Neon . 


360 

35° 

Argon . 


628 

86° 

Krypton 


158 „ 

104° 

Xenon . 


86 „ 

133° 

Hydrogen 


50 „ 

14° 

Nitrogen 


90 

59° 

Oxygon 


0-9 „ 

46° 


Any good air-pump, capable of maintaining an exhaust below 
0 1 mm. with a reasonable leak, can easily cause oxygen to solidify 
if thermally isolated. 

Separation of Mixed Gases. 

The easy application of low temperatures, combined with the use 
of charcoal, has led to a means of separating mixed gases by the use 
of various liquids as cooling agents. When the least volatile gas 
is condensed, th\ residual pressure is due to the more volatile gases, 
and finally to helium, whicn is the most difficult to condense. 

The use of liquid hydrogen and charcoal as agents in the 
separation of gaseous mixtures may be shown as follows : — Two 
long glass tulles, A and B (Fig. 6), each originally full of ordinary 
air, are joined, B to a charcoal bulb dipped into liquid air, and 
A to a plain tube cooled in liquid hydrogen. Under the electric 
discharge, both tubes show the ruddy glow of mixtures of neon and 
helium. When the two cooling vessels are removed the discharge 
in A, cooled by liquid hydrogen, stops almost instantaneously ; the 
discharge in the other tube, B, cooled by li^id air and charcoal, 
continues almost unchanged for some time. The reason being that 
the cooling effect of the liquid hydrogen disappears almost instan- 
taneously, while in the other tube the gases are only very slowly 
liberated from the charcoal after the cooling by liquid air is stopped. 

In the following table the results of the separation of the i*are 
gases in the atmosphere by different methods are given, the figures 
in the last column being those obtained by using liquid liydrogen as 
the cooling agent. 

Rare Gases in the Atmosphere. 

Per MiUion Volumes. 



1002 

1005 

1010 

1010 


Dewar 

Ramsay 

Claude 

Dewar 


Float 

Charcoal 

16*4 

Industrial 

Liquid 

Total 

Method 

17-2 

Working 

20*0 


Neon 

14-4 

12*3 

16 0 

150 

Helium . 

2-7 

4-0 

60 

60 
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The Production of an Explosive Gas from Carbon Di- 
sulphide. Separation by Condensation at the Tem- 
perature of Liquid Air. 

Such experiments suggest that there might l)e gaseous bodies 
of so evanescent a character that their existence could only be 
detected by their sudden condensation and freezing out at low tem- 
peratures. Carbon monoxide has a boiling-point of - 190*' C., and 
a melting-point of - 211° C., and is much more volatile than carbon 
dioxide whose boiling-point is - 78° C., and melting-point 
and a parallel relationship might be anticipated in the corresponding 
sulphur compounds. Wnen studying the nickel carbonyls in con- 
junction with the late Dr. H. 0. Jones, such relationships seemed to 
be reversed in the case of the carbon sulphides. Pure caibon di- 
sulphide is colourless, has a pleasant odour, and boils at 4-40° C., 
while the monosulphide, separated by chemical means, was a brown 
odourless powder. By analogy, therefore, it might be inferred that the 
boiling-point of the carbon monosulphide ought to be about - 130° C. 

The reagents used to produce the monosnlphide were thio- 
phosgeue and cskT-bon disulphide acting on nickel carbonyl. The 
possible molecular reactions are three in number : 

1. Nickel carbonyl 4- thio - phosgene ^ nickel chloride 4- 

Ni(CO)4 CSCl, NiCla 

carbonic oxide + carbon nionosulphide. 

4CO rs 

2. Nickel carbonyl + carbon disulphide = nickel sulphide -h 

NiCCOL ca, NiS 

carbonic oxide 4- carbon monosulphitle. 

4CO CS 

3. Nickel carl)Ouyl 4- carbon disulphide = nickel sulphide 4* 

2Ni(CO)4 CS 2 2NiS 

carbonic oxide 4- carbon. 

8CO 0 

When the densities of solid carbon disulphide, carbon dioxide, 
and this chemically separated inonosulphide were observed, the 
following results were obtained: Carbon disulphide [CS 2 ] == 52 ’4; 
Polymerized substance (CSV = 24; Carbonic ac‘id [CO^] =^28-7; 
Carbon monoxide [CO] -•= 28. It thus appears possible that the sup- 
posed monosulphide is really (CS)„ a jwlymerized body, and that the 
real monosulphide might be isolated by means of the freezing-out 
process. 

Isolation of the Monosulphide. 

With the object of attempting the isolation of such a substance 
by the action of the “ silent ” electric discharge on carbon disulphide 



144 


LIBRARY OF SCIENCE 




LIBRARY OF SCIENCE 


145 


vapour, the following apparatus (Fig. 7) was devised. A discharge 
tube C, 8 ft. long and 2 in. diam, provided with outside tinfoil 
electrodes, is highly exhausted by a charcoal bulb in liquid air, 
so that no electric discharge will pass. A small carbon disulphide 
reservoir cooled to —80° C. in solid carbonic acid is also connected 
to the discharge tube through the stopcock. When this stopcock 
is momentarily turned on, the tube is charged with carbon di- 
sulphide vapour at about 1 mm. pressure, and the discharge is 
of a uniform lilac colour. This, however, rapidly diminishes in 
intensity, and in a few minutes ceases, showing that a high 
vacuum has been produced. The carbon disulphide is dissociated by 
the electric discharge into sulphur and carbon monosulphide, the 
latter rapidly polymerizing to a non-volatile form at the room tempera- 
ture, as evinced by a brown stain produced on the interior surface 
of the tube. 

Another method of detecting this monosulphide is shown in 
Fig. 8, where a litre bulb H containing carbon disulphide vapour 
that has been subjected to the electric discharge can be cooled 
locally by means of a pad of cotton wool saturated in liquid air, 
and thus .-condensable material obtained as a deposit on the 
interior of the bulb. Before the discharge is turned on, the carbon 
disulphide distilling through the apparatus may be deposited by this 
local cooling as a white spot which volatilizes on warming, leaving no 
residuary mark. After the discharge is started the patch obtained in 
this way is yellow, changing quickly to dark brown on removal of the 
cooling pad, it does not volatilize on warming, but leaves a permanent 
brown film. The evanescent character of the body thus produced 
may be seen by stopping the discharge and leaving the tube for a 
few minutes fully charged with carbon disulphide vapour as it was 
before the local cooling. When the pad is again applied nothing 
but the white carbon disulphide can be condensed, and no brown 
film results. 

The actual isolation of the volatile unstable monosulphide can 
be accomplished in the following way. The apparatus (Fig. 8), 
consists of a tube B containing carbon disulphide placed in a Dewar 
vessel filled with a piste of solid carbon dioxide and alcohol, com- 
municating through a tap C with the annular space of the ozoniser 
A, the carbon disulphide thus giving off vapour at a pressure of 
0*8 mm. of mercury, which has proved most suitable for the passage 
of the electric discharge to effect decomposition of the disulphide 
into the monosulphide. The resulting gas is passed througn an 
exhausted U-tube L, a few millimetres in diameter, placed in liquid 
air. A little above the level of the liquid air a brown ring con- 
denses in the U-tube. This is the real monosulphide. When the 
liquid-air vessel is removed the tube explodes, and the fragments 
of glass are found to be partly covert with a brown powder 
consisting of the polymerized monosulphide. It would appear that 
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this explosive polymerization takes place a little above the temperature 
of liquid air, and possibly also at a still lower temperature, though 
more slowly. At normal temperature the real monosulphide can 
only exist for about half a minute ; under ordinary circumstances it 
at once polymerizes, or its temporary existence, at any rate, cannot 
be detected. 

A number of experiments made to ascertain if the phenomena 
were in any way dependent on the presence of impurities proved that 
when carbon disulphide, however purified, distilling from the liquid 
kept at - 78" C. into a charcoal condenser cooled to - 185° C. was 
suomitted to the action of the silent electric discharge, and the 
vapour together with any new product condensed in a U-tube 
placed in liquid air, a brown solid resulted, the formation of which was 
accompanied by a glow or a flash and usually by a detonation on 
removing the liquid air surrounding the U-tube. Hence it is clear 
that these phenomena are not caused by the presence of impurities 
in the carbon disulphide, and that the evolution of light and heat 
are definitely associated with the transformation of the condensed 
gaseous product into the brown solid. It will be seen later that the 
flash and the d(*L'n9tion are to some extent variable phenomena. 

The apparatus may be modified by connecting the ozoniser by 
means of a 8- way tap with two similar U -tubes packed with finely 
shredded cotton wool or asbestos offering an equal resistance to the 
passiJge of the stream of carbon disulphide vapour, and through a 
second 8-way tap to the charcoal condenser immersed in liquid air. 
When it was desired to observe the action of substances such as finely 
divided metals on the gases trom the ozoniser these substances were 
either mixed with or deposited on asbestos, so that the deposit obtained 
when the gases were passed through it and subsequently condensed by 
liquid air could Ixj compared with that obtained when the gases had 
passed over pure asbestos. Alternatively, either tube could be left 
free of any filtering material, and the character and proportion of 
the material deposited compared. 

In order to ascertain if the rate of production of the brown solid 
could be increased, ex})eriments were made in w'hich the vapour of 
carbon disulphide evolved from the liquid at different temperatures 
between - 78° C. and 0° C. was allowed to pass through an apparatus 
in which an ordinary vacuum tube with flat platinum electrodes 
replaced the ozoniser, and from this entered the wide tube condenser 
which replaced the U-tube used in other cases. The surface of the 
vacuum tube soon beciiinec oated with a whitish deposit of sulphur, 
and later with the brown solid. The product condensed at the tem- 
perature of liquid air transformed into a brown solid with the evolu- 
tion of light and heat as usual, and this also occurred when the vapour 
had passed through a cotton -wool filter. 

Experiments were also made in which the ozoniser was either cooled 
to - 80" C. or heated to 220" C., the other conditions being as usual. 
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In both cases the brown solid was formed in the U-tube, but the 
quantity obtained was less than under the ordinary conditions of 
temperature. , 

In none of the experiments was the amount of brown solid obtained 
greater than in those in which the vapour from carbon disulphide at 

- 78*" C. was passed through an ozoniser, and these conditions were 
therefore adopted for all subsequent experiments. 

The determination of the ratio between the amounts of brown 
solid formed in the U-tube and of carbon disulphide passed through 
the ozoniser was found to be difficult owing to the almost invariable 
breaking of the tube during the transformation. 

The ratio of the weight of the solid to that of the carbon disulphide 
varied from 1 to 10 to 1 to 50 in different experiments, and was found 
to depend on the form of the apparatus and the amount of solid sur- 
face over which the ozoniser product passed. Another very potent 
influence was found to be the deposit on the ozoniser surface. A 
clean ozoniser gave a much larger quantity of brown solid than an 
ozoniser that was coated with a deposit. 

The Transfobmation of the Condbksed Ozoniser Product 
INTO A Non-Volatile Solid. 

The solid deposited in the condenser at - 185“ C. is at first 
white, but soon acquires a brown colour, the darkest j)ortion being 
nearest the liquid air surface. On allowing the temperature to rise, 
the brown colour spreads rapidly, and this change is usually accom- 
panied by a glow or flash and a detonation which may be violent 
enough to shatter the condenser. The transformation may, however, 
take place quietly without an audible detonation or a visible flash, 
and, on the other hand, a- detonation may take place while the con- 
denser is still immersed in liquid air. 

The interposition of a cotton-wool filter between the ozoniser and 
the condenser diminishes the intensity of the phenomena observed in 
the condenser to a very considerable extent, and at the same time 
increases the rate at which the brown solid is deposited in the ozoniser 
and leading tubes. 

Quantitative experiment showed that the interposition of cotton- 
wool filters reduced the rate of flow of carbon disulphide to about 
one-fourth its former value, and the amount of brown solid to about 
one-fifteenth. 

When the U-tube was replaced by a condenser of the test-tube 
form cooled to —210“ C. by immersion in liquid air under exhaustion 
and the gases admitted, the solid deposit which was formed ori the 
bottom of the wride iube was perfectly white. After 15 minutes, 
however, the deposit had acquired a brown colour, showing that even at 

- 210“ C. the transformation was taking place slowly. On allowing the 
temperature to rise to - 185“ 0. the transition took place more rapidly. 
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Exaiiination for the Presence op Solid Particles in the 
Gases from the Ozonisbr. 

A litre bulb with a U-tube on either side was sealed between the 
ozoniser and the charcoal condenser, and an arc lamp arranged to 
project a beam of light through this relatively large space filled with 
the transforming material from the ozoniser. The glow in the 
ozoniser was screened oflF, and thus any solid particles in the bulb 

would be made evident by the 
illumination of the beam through 
the bulb. 

The arc lamp beam within 
the bulb was invisible, whether 
it was arranged converging to a 
focus or parallel. Several good 
patches of transforming material 
were condensed on the bulb by 
local cooling with a cotton-wool 
plug soaked in liquid air ; 35 
seconds after turning ofif the 
discharge in the ozoniser only 
white carbon disulphide was thus 
condensed, all the transforming 
material Wing gone. A five 
minutes' deposit in the second 
U-tube beyond the litre bulb gave 
the usual detonating trans- 
formation, and shattered the 
tube. A similar deposit in the 
first U-tube produced, however, 
a distinctly more violent effect, 
and 2 or 3 inches of the tube 
were completely shattered. No 
cotton-w^ool plug wjis used 
between the ozoniser and the 
bulb in the above experiment. 
Similar results as to the non-visibility of the beam within the bulb 
were obtained when a cotton-wool plug was used ; but the deposits 
now gave less violent transformations. These observations indicate 
that 3ie transformation of the gas into the brown solid only takes 
place in contact with solid surfaces. 

Theoretically, the detonation of carbon disulphide with the pro- 
duction of carbon and sulphur could produce a temperature above 
2000“ C., and if the transforming ozoniser product is comparatively 
endothermic, then a similar rise of temperature might occur if it 
could decompose in the same manner. 




150 LIBRARY OF SCIENCE 

The high temperature produced during the transformation has 
been proved by taking a photograph of the U-tube by its own 
detonating flash (Fig. 9). The cracks in the fractured tube are 
plainly visible, a flame is seen bursting through one such crack, and 
the light extends for a considerable distance through the tube. 

Before allowing the deposit to flash by the removal of the liquid 
air, in some experiments the U-tube was filled with dry nitrogen at 
atmospheric pressure, through a 8-way tap on the charcoal bulb. The 
right-hand limb of the U-tube contained copper wire gauze to cool 
the entering nitrogen and thereby prevent any undue heating of 
the deposit. 

Two seven-minute deposits were successfully flasHed after filling 
with nitrogen. In both cases a violent detonation resulted, and the 
tube was shattered. The photographic plates showed good pictures 
of each flash, which was seen to be localized and not so intense, due 
no doubt to the relatively large pressure of nitrogen in the U-tube 
compared with previous experiments in which no inert gas was present. 


Photographs of the Spectrum of the Flash. 

The arrangement used to secure a photograph of the spectrum of 
the flashes consisted of a German silver U-tube with a quartz window 
at the top of one limb. The flash occurring in the tube was pro- 
jected through this window by means of a quartz prism, and reflected 
on to the slit of a Hilger quartz spectrograph. 

About seven flashes from deposits of 15 minutes’ periods were 
necessary to get a good image of the spectrum. ^ 

The sulphur tends, wave-lengths between 384 and 392, and the 
cyanogen line 3885 were present. The principal hydrocarbon bands 
were plainly visible, of which that at 436--443 was the strongest in 
the whole spectrum. A strong tend at 635-655 and scattered tends 
from 248 to 362 were present also, and fainter tends from 540 to 605. 

The solid product obtained after the flashes taken in the metal tube 
was found to be a mixture of carbon and sulphur due to the high tem- 
perature of the flash, as the character of the spectrum tends to show. 

A number of tests for electric effect in the transformation of the 
condensed ozoniser product had negative results. 


Attempts to Concentrate the New Gas. 

It was found that the gas was completely condensed in a U-tube 
at — ISb^ C., but that a similar U-tube, with a cotton-wool plug m the 
limb remote from the ozoniser, cooled to - 120® C. by immersion in 
solid carbon dioxide under reduced pressure, allowed some of the- gas 
to pass through it and to be condensed in a second U-tube at - 185® 0. 
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The resistance of tlie cofctoii-wool plugs was estimated by cooling 
the second U-tubc in liquid air. In five minutes a deposit 15 to 
20 mm. in length was formed. 

The two U-tubes being thus at —120" and —185° C. respectively, 
the discharge was started in the ozouiser. At first no coloured deposit 
could be seen in the U-tube in liquid air, but later the deposit became 
coloured, and in 20 minutes a distinct brown ring was observed at a 
point d mm. above tlie liquid air surface. 

Where the gases entered the first limb of the U-tube at — 120" C. 
a white crystalline deposit was observed ; this did not melt until the 
temperature had risen almost to 0“ (I, when it distilled back into the 
bulb containing carbon disulphide. 

This indicates that the ozouiser prcKluct contains two substances, 
and shows that the substance which gives rise to the brown solid is 
not condensed by cooling to — I'iO'' C\, but passes on and is slowly 
transformed into the brown solid in the U-tul)e at —185“ C. 


Action of Coconut Charcoal and Rubber. 

The vapours were passed over coconut charcoal at — 1S5° C., and 
the results showed that the ozoniser product is thereby absorbed, 
destroyed, or caused to polymerize. The siiine result was obUiiied 
when the charcoal w^as cooled to — 7H“ C. or heated to 250"' C. 

The vapours were also passed over finely shredded rubber in order 
to absorb some of the carbon disulphide. The brown solid was 
formed as usual, but the amount of carbon disulphide deposited with 
it was distinctly less. It therefore appears that a partial separation 
of the transforming ozoniser product from the disulphide has been 
effected. 

A complete separation of the two substances seems to be for the 
present out of the question on account of the rapidity with which the 
ozoniser product polymerizes in the solid state at low temperatures. 


Analysis of the Solid Product. 

A sufficient quantity of the brown solid was collected (O’ 1127 
grm.J to allow of the estimation of sulphur in it, 

which gave 8 = 71 *8 i)er cent., 

CS requires 8 = 72*7 per cent. 

Further, the ratio C : 8 was determined in another specimen 
collected from a number of experiments in which the condenser had 
been cracked and shattered. This specimen was probably contami- 
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nated with minute fragments of glass and also contained moisture. 
The material gave on analysis : — 

8 = 61 • 0 per cent., C = 24 • 6 per cent., and ratio C : 8 = 1 : 0 • 854, 
or, allowing for the 5 per cent, of water present as impurity, 

0:8 = 1 :0*98. 

The substance produced in the maimer described has the com- 
position of carbon monosulphide, and it seems justifiable to conclude 
that, under the influence of the silent electric discharge, carbon di- 
sulphide lias, like carbon dioxide under similar conditions, been 
dissociated, in this case into sulphur and gaseous carbon mono- 
sulphide, and that the latter can polymerize with the evolution of a 
considerable amount of energy to form a brown solid even at the 
temperature of liquid air. It is the remarkable instability of the 
solid or liquid gas at low temperatures that is so cliaracteristic and 
renders the physical and chemical examination so difficult. 


Chemical Reactions of the Ozonisbr Product. 

The action of a number of substances on the ozoniser product was 
studied by placing the substances to be examined, either mixed with 
or deposited on asbestos in a U tube, and allowing the vapours to 
pass over them. 

In this way it was found that the passage of the ozonizer product 
was prevented by finel} divided platinum, nickel, or silver. 

Ferric oxide (not ignited), yellow mercuric oxide, and silver oxide 
were found to react with the ozoniser product to form sulphides of 
the metals ; ferric oxide is much more efficient than the other two. 

8olid caustic potash, silver nitrate, lead acetate, and sodium 
peroxide seemed to have little or no action on the ozoniser product, 
while barium peroxide reacted with it, forming barium sulphide. 

The most striking reaction observed is that which takes place 
with concentrated sulphuric acid. After some experiments had 
shown that, as used, the vapour of carbon disulphide was not attacked 
by sulphuric acid, the ozoniser product was allowed to pass over the 
surface of sulphuric acid placed in a wide U-tube. The sulphuric 
acid rapidly acquired a yellow colour, changing gradually into deep 
orange-red, then became turbid, and deposited a yellow solid ; brisk 
effervescence occurred during the whole time, and even after several 
hours none of the ozoniser product escaped the action of the luiid. 
The yellow solid which separated from the sulphuric acid was found 
to be sulphur. 

The properties of the brown solid produced from carbon (bisul- 
phide which has the composition of carixm monosulphide, have been 
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compared with those of the polymeric form of carbon monosulphide 
obtained from the interaction of thiophosgene and nickel carbonyl, 
and the results indicate that the difference between the brown sub- 
stance obtained by the action of the electric discharge on carbon 
disulphide vapour and the polymeric form of carbon monosulphide 
obtained from thiophosgene is merely in the degree of polymerization. 

The Fullerian Professorship of Chemistry was endowed by John 
Fuller in 188, S as a recognition of the great work of Faraday. He 
held the office for thirty-four years, and if the lecturer is spared for a 
few months he will be able to look back on the same long period of 
service. Some member of the younger generation of chemists or 
pliysicists will soon have to continue the work of research at the 
Royal Institution. 

[J. D.] 



Friday, January 27, 1911. 

Sib James Cbichton Browne, M.D. LL.D. D.Sc. F.R.S., 
Treasurer and Vice-President, in the Chair. 

Professor William H. Bragg, M.A. F.R.S. 

Radioactivity as a Kinetic Theory of a Fourth State of Matter, 

There are many points of resemblance between the movements of 
the molecules of a gas and the movements of those corpuscular radia- 
tions with which we have become acquainted in following up the 
discovery of radioactivity. In both cases we find that things of ex- 
tremely minute dimensions are darting to and fro with great velocity ; 
Rnd in both cases the path of any one individual is made up of straight 
portions of various lengths, during which it is moving uniformly and 
free from external influence, and of encounters of short duration with 
other individuals, duriim which energy is exchanged and directions 
of motion are altered. There is even a resemblance in the universality 
of each movement. The motion of molecules is a fundamental fact 
throughout the whole of our atmosphere, and indeed in all material 
bodies ; the motion of the i-adiaut particles emitted by radioactive 
substances is also widely distributed, and of great importance. Taking 
Eve’s estimate of the usual ionisation of the air we can calculal o that 
in this room, in every second, some thousands of a and /? particles 
enter into existence, complete their paths through all the atoms they 
meet, and sink into obscurity ; some of them, viz. the a particles, as 
atoms of helium. Of these last some move through a range in air 
of just over 4 cm., an equal number have a range of just under 5 cm., 
and again an equal number move through 7 cm. ; and the speed is so 
great tiiat the life of each a particle as such is completed in about a 
thousand-millionth of a second. They leave their mark behind them 
in the ionisation of the air through which they have passed, and in 
the heat into which their energy has been commuted. The former 
effect is easily detected by the sensitive measuring instruments which 
we now possess ; the latter is too small to measure, and must be ^eatly 
increased by the aid of radium itself before it can be investigated! 
But on a large scale which takes into account the distribution of 
radioactive material through the earth, the sea and the air, the effects 
are of first rate importance to the physical conditions of our eartili. 

If we compare t£e movements a Uttle more closely, we find differ- 
ences as interesting as the resemblances. The motions which the 
kinetic theory of gases considers are those of the molecules of which 
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gases consist : in the case of radioactivity, the things which move are 
quite different. They are sometimes electrons, which have come to 
be called rays when their speed is great, and cathode rays when 
it is somewhat less ; or they are y, or x rays, which are new things to 
us ; or if as a particles they are helium atoms, such as we have known 
before, they move with excessive speeds which give them quite new 
properties. In general the radiant particles move hundreds of 
thousands of times as fast as the gas molecules do, and it is, no 
doubt, on account of this fact, as well as through their usually 
extreme minuteness, that their power of penetrating matter is so great 
When two molecules of a gas collide, they approach within a fairly 
definite distance, which we call the sum of the radii of the molecules : 
and the approach is followed by a recession and new conditions of 
motion. Each molecule has, as it were, a domain into which no other 
molecule can penetrate. But the defences which guard the domain 
are of no account to the vigorous movements which we are considering 
now. The radiant particles pass freely through the atoms, and their 
encounters are rather with one or other of a number of circumscribed 
and powerful centres of force which exist within the atomic domain, 
and act with great power when and only when approached within 
distances whicn'ine small in comparison with the atomic radius. It 
is on this account that the new theory opens out to us such possi- 
bilities of discovering the arrangement of the interior of the atom. 
Never l)efore have we been able to pass anything through an atom : 
our spies have always been turned back from the frontier. Now we 
can at pleasure cause to pass through any atom an a particle, which 
is an atom of helium, or a /? particle, which is an electron, or a y, or 
X ray, and see what has happened to the particle when it emerges 
again : and from the treatment which it seems to have received we 
must try to find out what it met with inside. 

The newer movement exists superimposed upon the other. Its 
velocities are so great that the gas (or liquid or solid) molecules are, 
in comparison, perfectly still. There is, as it were, a kinetic theory 
within a kinetic theory : there is a grosser movement of gas mole- 
cules which has long been studied, and in the same place and at the 
same time there is a far subtler and far more lively movement which 
is practically independent of the other. Your Vice-President, Sir 
William Crookes, was the first to find any trace of it. The behaviour 
of the cathode rays in the vacuum tubes which he had made showed 
him that he was dealing with things in no ordinary condition. What- 
ever was in motion was neither gas, nor solid, nor liquid, as ordinarily 
known, and he supposed it must be possible for matter to exist in a 
fourth state. We nave gone far since Sir William’s first experiments. 
The X ray tube and radium have widely increased our knowledge of 
phenomena parallel to those of the Crookes tube. But I thi^ we 
may still be glad to use Sir William’s definition. 

There is another very striking characteristic of the newer kinetic 
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theory which dififerentiates it sharply from the older. The experi- 
ences of any one of the radiant particles in an atom which it crosses 
are quite unaffected by any chemical combination of that atom with 
others ; that is to say, by any molecular associations it may have. 
Naturally, this simplifies investigation. We may no doubt ascribe 
this state of things to the fact that a radiant particle is concerned 
rather with the interior of the atom than with the exterior, and that 
it is the latter which is of importance in chemical action. 

Let us take notice of one more important difference. The mole- 
cules of a gas move with velocities which vary at every collision, yet 
vary about a certain mean. But the peculiar motion of the radiant 
particle is only temporary. For only a very short time can any ray 
be described as matter in a fourth state ; at the end of it the extra- 
ordinary condition has terminated, the particle has lost its tremendous 
speed or suffered some other change, and the ray ceases to exist. 
Speaking technically, we are dealing with initial not permanent 
conditions. 

Let us now come back to resemblances between the two kinds of 
motion ; for there is one point of similarity which is not quite so 
obvious as others I have mentioned, and is, I think, of the greatest 
importance ; in fact, it is largely on account of this similarity that I 
have ventured to put the two theories together for comparison. 

When the first experimenters in radioactivity allowed their streams 
of rays to fall upon materials of various kinds, they found tliat the 
irradiated surfaces were the sources of fresh streams of radiation. 
The secondary rays were sometimes of the same nature and quality 
as the primary, sometimes not. Further, they found that the 
secondaries, on striking material substances, could produce^ertiaries, 
and so on. The examination of all the variations of this problem — 
the investigation of tha consequences of changing the primary, of 
changing the substance, and last, but not least, of changing the form 
of the experimental arrangements — has been the cause of an enor- 
mous amount of work. There is a large literature dealing with 
secondary radiations of all kinds, which, I imagine, but few have read 
with any completeness, and the subject has become, on the surface at 
least, complicated and difficult. Now I believe that it is nossible to 
clear away the greater portion of this complexity at a stroKe, by the 
adoption of an idea whicn makes it possible to describe and discuss the 
whole of these phenomena in a very simple way. When an encounter 
takes place between two gas molecules, we suppose that the sum of 
the energies of the two is the same after the collision as before, and, 
further, that there are just two things to consider — two molecules — 
after as well as before. I think that we may csuty this ideu over 
almost bodily to tha newer theory. A radiant particle encounters an 
atom. The particle is a definite thing, it contains a definite amount 
of energy, and whether it is an a or /I or 7 or a; ray, its energy is to 
be found almost entirely inside a very minute volume. The 
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encounter takes pkce. When it is over there are still two things, 
an atom and a radiant particle going away from it. The sum of 
the energies of the two is still the same, which means that we deny 
a possibility much considered at one time — viz. that in the encounter 
the atom could be made radioactive, and could unlock a store of 
energy usually unavailable. We suppose there is no energy to be 
considered except the original energy of the radiant particle, and we 
suppose that there are not now two or more radiant particles in place 
of the original one, which also is a limitation on previous ideas. It 
is a theory which ascribes a corpuscular form to all the radiations. 
Each particle, a, y or j;, is to be followed from its origin to its 
disappearance, and we have nothing to think of but the one particle 
threading its way through the atoms. It loses energy as it goes, 
though little at any one collision, and it passes out of our reckoning 
when it has lost it all. There are no secondary radiations other than 
radiant particles moving in directions which are different from those 
in which they moved at first. Even when a cathode ray excites an 
X ray in the ordinary Rontgen tube, or the x ray excites a cathode 
ray in a manner almost as well know^n, it is hardly an exception to 
this rule. Th^ cathode ray has an encounter with an atom and dis- 
appears ; siniultancoubly the x ray comes out of the atom, a circum- 
scribed corpuscle carrying on the energy of the cathode ray. There 
is a change, but it extends only to the external characteris^cts of the 
carrier of energy. The x ray passes through the glass wall of the 
X ray bulb, or at least it does so sometimes ; it may pass through 
other matter as well, but sooner or later it has a fatal encounter 
with an atom, and the reverse change takes place. In all cases, in 
that of the undeviating a ray, or the /? ray which suffere so many 
deflections, or the y or a; rays, it is a matter of tracing the movements 
of individual minute quantities of energy until they finally melt away. 

Let us consider one or two simple experimental results from this 
point of view in order that we may illustrate this corpusculai theory, 
and at the same time may learn something of the properties of the 
corpuscles and of the arrangements of the atoms through which 
they pass. 

We take first one of the simpler cases, the movement of an a 
particle through a gas. The relatively large mass of the particle gives 
it an effectiveness which the other radiations do not possess. It 
moves straight through every atom it meets, and ionises most of 
them. Very rarely does it suffer any deflection from its course until 
ite velocity is nearly run down. Then indeed it does appear to depart 
considerably from the straight path, and it may be that it is much 
knocked about by collisions before it finally comes to comparative 
rest. In this way we may explain the distribution of the ionisation 
along its path, which increases slowly at first and rapidly afterwards, 
until the a particle has nearly finished its journey : it then falls off 
rapidly. Considering that the ionisation increases as the particle 
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slows down and spends more time in each atom, and considering the 
more broken nature of the path near its end, the reason of these 
peculiarities is clear enough. Apart from its comparative simplicity, 
there are some other very interesting features of the particle's 
motion. It is found, for example, that the loss of energy which the 
particle incurs in crossing an atom is proportional to the square root 
of the atomic weight very nearly, and there is no certain es^nation 
as yet of this curious law. And a^in, Geiger has examined the 
small scattering that does occur, and found that a particles when 
moving ouickly may be swung round completely even by the 
thinnest films of gold leaf, though the number is so small tbat the 
effect would have remained undetected had it not been for the 
scintillation method which he and Rutherford have perfected. He 
has found that about one particle in 8000 is returned in this way 
from a gold plate, which need consist only of a few thicknesses of 
gold leaf in order to give the maximum effect. 

Now let us take an example from the behaviour of the p rays. 
The yS particle is so light that it is easily deflected, even though it 
moves several times as fast as the heavier a particle. Because it there- 
fore possesses little energy its effects are much smaller, and no one has 
yet succeeded in handling a single p particle in the same way as 
Rutherford and Geiger have handled the other. We are obliged to 
content ourselves with observations of the effects of a crowd of ^ 
particles, since the combined action of many is necessary to give us 
an observable result. And at the same time that the p particle gives 
much less effect than the a, it has a much more irregular course, so 
that the problem is doubly difficult. We are, in fact, only just 
beginning to understand it. There is a compensation in ths^fact that 
its very liability to deflection makes it all the more interesting an 
object. It is possible-rand this is the particular )3-ray problem I 
wish to consider now — to examine the deflection of a single p particle 
by a single atom : the parallel result in the kinetic theory of gases 

never, of course, been achieved. 

Suppose that we project a stream of P rays against a thin plate 
and measure the relative number sent back, which we do by measur- 
ing the ionisations caused by the incident and returned rays respec- 
tively. We do this for varying thicknesses of the plate, and plot the 
results, as, for example, Madsen has done. His plate was made of 
gold leaves, which could be had of extreme fineness. From the rela- 
tion thus obtained, it is possible to obtain with confidence the amount 
of /3 radiation that would be returned by the thinnest plate that could 
be imagined, only one molecule thick. In such case the paiticles 
turned back could have had but one collision, and we have achieved 
our purpose. Madmen's figures show that a plate weighing 4 mmg. 
to the square centimetre turned back a tenth of the molecules thut fell 
upon it, and as far as can be judged the ratio of the pro^rtion turned 
b^k to the weight of the plate would be almost doubled for very thin 
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plates. We might go more into detail, and find the distribution of 
those that are returned ; we should then have data from which we 
might determine in some measure the distribution of the centres of 
force inside the atom. We cannot follow this up now, but I would 
like to draw your attention to a curious indication which we obtain 
when we compare the results for gold with those which Madsen found 
for aluminium. They show that the lighter metal turns l^k fewer 
p particles, and that its power of absorbing a stream of rays is rather 
an absolute abstraction of energy. There is clearly an actual absorp- 
tion effect, which is to be distinguished from the scattering effect. 
Indeed, the two effects are obviously of different importance in the two 
cases. When a ^ ray strikes a gold atom it must much more liable 
to deflection than when it strikes the lighter atom of aluminium. 
On the other hand, 1 think it can be shown clearly that in ploughing 
through aluminium atoms there is a relatively Quicker absorption 
of energy. We may illustrate this by a rough model. Let us stand 
an electromagnet upright on the table, and let us suspend an- 
other magnet so that it can swing over the fixed one and just 
clear it. If we draw back the swinging magnet and let it go to- 
wards the fixed the currents running so that the two repel, then 
as the moving magnet tries to go by there will be a deflection 
depending on the relative speed, the closeness of approach, and the 
strength of the poles. This may represent the turning aside of an 
electron by a centre of force inside an atom. Now let the magnet at 
the table be supported by a spiral spring so as to be still upright, but 
have some freedom of motion ; then, when the experiment is repeated, 
the swinging magnet pushes the other more or less to one side ; it is 
less deflected, but it has to give up some of its energy. This is exactly 
what happens in the case of the particle. The centre of force in 
the gold atom behaves like the stiffer electromagnet on the table ; it 
deflects the electron more, but robs it of less energy in doing so. It 
will not do to suppose the gold atom to differ from the aluminium 
atom simply in the number of centres of force, such as electrons, 
which it contains, if it is supposed that they all act independently. 
There is some other fundamental difference, equivalent to a difference 
in the stiffness with which the electrons are set in their places. There 
are two things to be expressed in the behaviour of the atom towards 
the P particle, as has been pointed out several times. H. W. Schmidt 
has actually calculated them from experiments which gave them 
indirectly and somewhat approximately. The method I have just 
outlined gives one of thena directly, viz. that which is called the 
scattering coefficient ; and I think the other can also be found directly 
by a method which will serve as an illustration of the behaviour of 
•y rays. 

We must first, however, consider the part which y and x rays 
play generally in this theory. Workers are by no means agreed as 
to the proper way in which to regard them, but there is no need to 
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«Dter at once on a discussion as to their nature. It is weU known 
that they have the most extraordinary powers of penetration, and are 
unaffected by electric or magnetic fields. They have one property 
which alone, as I think, brings them within our experience ; that is 
to say, the power of exciting p rays from the atoms over which they 
pass. Were it not for this, they would still be unknown. When we 
examine this production of P rays, we find that in the first place 
their speed depends on the quality of the y rays whi<;h cause tnem, 
and not on the nature of the atoms in which they arise ; in the 
second, that the P rays to a large degree continue the line of motion 
of the y rays as if the latter pushed them out of the atoms ; and, 
lastly, that the number of the rays depends on the intensity of the 
y rays. It is these facts which suggest the simple theory I have 
already described. The y ray is some minute thing which moves 
along in a straight line without change of form or nature, which 
penetrates atoms with far greater ease than the a or ^ particle, which 
is not electrified, and which sooner or later disappears inside an atom, 
handing on a large share of its energy to a /?> particle which takes its 
place. The absorption of y rays is simply the measure of their 
disappearance in giving rise to ^ rays, one y ray producing one ^ ray, 
and no more. 

We find the same sort of scattering'in the case of y rays as in that 
of P rajs. Of a stream of rays directed against a plate which it can 
penetrate easily, we find that a few are turned completely back, a very 
much larger number are only slightly turned out of their path, and 
the rest go on. The scattered rays are very similar to the original 
rays : there is no need, to suppose that the original ray disappears 
to be replaced by a secondary, any more than there is to apppose that 
a and P rays disappear and are replaced by others in similar cases. 
When therefore a y r^y enters an atom three possibilities await it. 
The first is a negative one, it may go through the atom untouched, 
and this must happen in the majority of cases ; the second chance is 
that of deflection, and the third that of conversion into a/Sray, using 
the word conversion in a general sense without going into details as 
to the nature of the proce&s. 

Now we may consider our y ray problem. Suppose a stream of 
these rays passing over a block of any substance such as aluminium 
or zinc or lead. When they are really penetrating rays they are 
equally absorbed by equal weights of these materials, which means 
that in equal weights equal numbers of P rays spring into existence. 
If these rays were able to move through equal weights of tho metals, 
we should find in each metal the same “ density ” of rays ; and the 
important point is that this is independent of whether the J'ays are 
straight or crook^ in their paths. If ten lines of given length were 
begun in every square centimetre of a sheet of paper, the ink used in 
drawing them would be independent of the straightness of the lines 
but proportional to their length. Now if we make a cavity in each 
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metal the p rays will cross it in their movements to and fro ; and if 
a little air is introduced into the cavity the ionisation produced in it 
will be a measure of the density of the p rays, and therefore the 
average distance each moves in the metal. Experiment shows that 
we get twice as much ionisation in a cavity in the lead as in a similar 
cavity in the aluminium, and we conclude that the P particle really 
has a longer track in the heavier metal. This experiment gives us 
the second constant of p ray absorption — that is to say, the rate at 
which its energy is taken away from it : tiie other experiment gave 
the chance of deflection only. We see that the path oi o, P ray in 
aluminium is more direct, but of less length, than in lead ; in the 
latter metal it has really a longer path, but it does not get so far 
away from its starting point because it suffers so many more 
deflections. 

Finally, let us take a problem from the x rays. Let us see how 
we may test the idea that x and y rays do not ionise themselves, but 
leave all the work to be done by the p rays which they produce. 
Suppose a pencil of x rays to pass across a vessel and to produce 
ionisation therein. It is convenient to use, not the original x rays, 
which are hetereg-rneous, but the rays which are scattered by a tin- 
plate on which the primary rays fall. Such “ tin-rays,” as we often 
call them briefly, are fairly homogeneous and give cathode-rays of 
convenient penetration. In some experiments of mine the rays crossed 
a layer of oxygen 3 ’45 cm. wide, having a density • 00137, and the 
ionisation produced was 227 on an arbitrary scale. The result may 
be put in the following way. Suppose, provisionally, that all this 
ionisation is done indirectly ; the oxygen has converted so much JJ-ray 
energy into cathode-ray energy, and these cathode-rays penetrating 
their one or tw’o millimetres of oxygen, which is all they can do, have 
ionised the gas. Then we may say that in crossing a layer of oxygen 
weighing 3*45 x •00137, or *00473 gr. per sq. cm., enough cathode- 
rays have been produced to cause an ionisation of 227 units : and 
therefore that a layer weighing one milligram per sq. cm, would pro- 
duce 48 units in the same way. We iiow^ proceed to compare this 
production in oxygen with the similar effect in a metal such as silver. 
Stretching a silver foil across the chamber in the path of the rays we 
find that under the same intensity of rays the ionisation is largely 
increased, and the change is due to cathodc-rays which the ar-rays 
have generated in the silver. Not all these rays get out of the silver, 
but we can overcome this difficulty by taking silver foils of different 
thickness, drawing a curve connecting the effect of the foils with their 
thicknesses, taking the curve back to the origin, and so finding what 
would be the effect of a foil so thin that all the cathode-rays did get 
put. In my case I found that a milligram of silver produced enough 
cathode-rays to give an ionisation 1580. This is 33 times as much 
as the oxygen could do. Now according to our theory this should 
be because silver absorlw tin-rays 33 times more than oxygen does ; 
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and experiment showed this to be very nearly the case. In finding 
the absorbing power of oxygen I measured first those of carbon and 
oxalic acid, aqd then proceeded by calculation ; for the absorption in 
a gas is difficulc to determine. 

Two interesting points appeared in this experiment. In the first 
place the ratio between the two quantities of cathode rays, which 
appear on the two sides of a silver leaf through which the “ tin rays ” 
{»ss, is nearly constant for different thicknesses of leaf, and with the 
thinnest leaf obtainable each quantity was about half its full value. 
It would have been desirable to have had still thinner leaves ; but it 
is fairly clear that the ratio would be nearly the same for extreme 
thinness. The cathode radiation, which appears on the side of the 
leaf whence the x rays emerge, is 1 • 80 times that which appears on 
the other, and we may take it that this would be the case even if the 
leaf were but one atom thick. Thus when an x ray plunges into an 
atom in which its energy is converted into that of a cathode ray, the 
cathode ray may emerge at any point, but there is a 30 per cent, 
greater chance that it will more or less continue the line of motion of 
the X ray than that it will not. In previous work on the conversion 
of y ray into /3 ray energy, I have found that the /? ray may 
practiciilly be supposed to continue the line of motion of the y ray, 
so t licit Te is a great difference in behaviour of the two classes of 
ray in tins respect. It is remarkable that the scattering of the y rays 
shows also a much greater dissymmetry than is found in the case of 
the £ rays. It looks as if the ^ rays that appear when y or a; rays 
impinge on atoms are related rather to the scattered than to the un- 
scattered primary rays. Putting it somewhat crudely, uQ^doubt, it 
might be said that when a y or a; ray is deflected in passing through 
an atom, it runs a risk of being converted into a /? ray in the process, 
so that /J rays are found distributed about the atom in rough pro- 
portions to the secondary y or a; rays. In the case of y rays this 
practically amounts to their all going straight on at first: in the case 
of X rays the distribution is more uniform. 

Another interesting point arises in this way. When the x rays 
from tin are allowed to pass into the ionisation chamber through 
increasing thicknesses of silver foil, the cathode rays grow at a rate 
which is not represented by the exponential curve usually assumed. 
The amount is for some time more nearly proportioned to the thick- 
ness of the foil. A second foil adds its own effect without destroying 
much of the one on which it is laid. This may easily be ascribed to 
the relation of the ionisation due to the ^ particle to the energy it 
has to spend. The ionisation is nearly all at the end of the |)ath, 
and the second layer does not absorb the rays made in the first 
because they are stiH at the beginning of their career. 

These few experiments which I have described may serv^ to 
illustrate both the justice and the convenience of placing all these 
rays, a, y, and in one class. We are tempted to consider them 
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all as corpuscular radiations of some sort, and we then look upon 
our researches into their behaviour as attempts to understand the 
collisions of the various new corpuscles with the constituent centres 
of force in the atoms. But if we ascribe corpuscular properties to 
the y and x rays, we are led far away from the original speculations 
as to their nature. Stokes supposed them to be spreading sether 
pulses, but in his theory the energy of the pulse spreads on ever- 
widening surfaces as the time passes, and is utterly insufficient to 
provide the energy of the rays which the y or x rays excite. Some 
sort of mechanism has to be devised by which the energy of the 
y ray moves on without spreading, so that at the fateful moment it 
may be all handed over to the /3 ray, which carries it on. I had the 
hardihood myself to propose a theory of this kind. My idea was 
that the y or a; ray might be considered as an electron which had 
assumed a cloak of darkness in the form of sufficient positive elec- 
tricity to neutralize its charge. Nor do I see any leason for 
aliandoning this idea, for it is at least a good working hypothesis. 
It means, of course, that not only does the energy of the jS ray come 
from the y ray, but the ^ ray itself. 

Many insjsi' iVnt my neutral corpuscle is too material, and that 
something more ethereal is w'anted. For it appears that ultra-violet 
light possesses many of the properties of x and y rays. It can excite 
electrons to motion, and sometimes the speed of the electron depends 
on the quality of the light and not on the nature of the muterial 
from which it springs. They propose, therefore, a quasi-corpuscular 
theory of light, y and x rays being included. The immediate objection 
to this proposal is that it seeniJs to throw away at once all the marvel- 
lous explanations of interference and diffraction which Young and 
Fresnel founded on a theory of spreading waves ; and I do not think 
anyone has yet made good this defect. The light corpuscle w hich is 
firoposed is a perfectly new postulate. It is to move with the 
velocity of light, keeping a circumscribed and invariable form, to 
have energy and niomentum, and to be capable of replacing and 
being replaced by an electron which possesses the same energy but 
moves at a slower rate ; and, of course, it has to do all that the old 
light-waves did. The whole situation is most remarkable and 
puzzling. We are w’orking and waiting for some solution which, 
perhaps, will come in a moment unexpectedly. Meaiiw’hile, we must 
just try to verify and extend our facts, and be content to piece 
together parts of the puzzle, since we cannot, as yet, manage the 
whole. My object to-night has been to show you how we may 
conveniently bind together a large number of the phenomena of 
radioactivity into an easily-grasped bundle, using a kinetic theory 
which has many points of resemblance to the older kinetic theory of 
gases. 

[W. H.B.] 
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Mouvement Brotvnien et Grandeurs Molemlaires. 

Nous observons chtKjue jour des liquides eii equilibre, dont toutes 
les parties nous semblent immolwles. Si nous y inettons uu objet 
plus dense, cet objet toml)e, tout a fait verticaleineiit s’il est spherique. 
Entin, quand il est arrive au fond du vase, nous savons bien qu’il ne 
lui arrive pas de remoiiter spontanement. 

Ce sont la des notions bien familieres, et pourtaut elles ne sont 
bonnes que pour les dimensions auxquelles iios orgunes sont accoutuines. 
II suffit en effet d’examinor au microscope dc petites particules 
placees dans de I’eau pour voir que chacune d’elles, au lien de toinber 
regulierement, est anira^e d’un mouvement tres vif et parfaitement 
irr^gulier. Elle va et vient, tournoie, monte, descend, remonte 
encore, sans tendre auciinement vers le repos. O’est le mouvement 
browmeuy ainsi nomme en souvenir d’un de vos compafTiotes, le 
botaniste Brown, qui le d6couvrit en 1827. 

Cette decouverte si •remarquable attira t)cu rattcntion. Les 
physicien«» qui entendaient parler de cette agitation la comparaient, 
je pense, Au mouvement des poussieres qu’on voit a Toeil nu se 
deplaccr dans un rayon de soleil, sous Taction des courunts d’air qui 
resiilteiit de petites inegalites dans la pression ou la temperature. 
Mais, en ce cas, des particules voisines se lueuvent a peu pres dans le 
meme sens et dessinent grossierement la forme de ces courants d’air. 
Yons allez voir, au contniire, qu’il y a independancc complete des 
mouvements browniens de deux particules, radme quand elles s’appro- 
chent a une distance inferieure a leur diametre. 

Je vais, en effet, essayer de vous montrer ce phenomene, uu des 
plus beaux que nous ait livr^s le microscope, et dont nous allons 
d6montrer qu’il est Timage fidele des mouvements moleculaires, ou 
mieux, quHl est ddjd im mouvement moUculaire (aussi bien qua les 
radiations infra-rougas sont deja de la lumiere). 

Vous aperccvez en ce moment sur I’^crau la cinematographic de 
Tagitation que possedent dans Teau des grains ronds de gomme-gutte 
(de diametre un peu inf6rieur a 1 millieme de millimetre). Cette 
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cin6inatograpbie a faite par MM. Victor Henri et Comandon 
(film Path6) et m’a ete obligeaminent pr^tee par eux. J’aimerais 
mieux voiis faire directeinent regarder I’emiilBion que void, en pro- 
jetant Bur im ecran la vision animee qu’en donne le microscope, mais 
le grossissemeiit n^cessaire est si fort que cette projection serait trop 
pen lumiiieuse’pour ce grand ampliith6atre. 

Vous voyez qu’on ne pent saisir, en cette agitation profondement 
irreguliere, aucun courant d’ensemble entrainant en in^me temps 
pliisiours particules. Elle ne pent done etre due a des trepidations 
de la plaque qiii porte la gouttelette observee, ctir ces trepidations, 
quand on en produit expres, produisent precis^ment des courants 
d’ensenible, (pie Ton voit simplement se supc'rposer a Tagitation 
irreguliere des grains. D’ailleurs, le mouvenient brownien pei-siste 
sur uii bati bien fixe, la nuit, a la campagne, aussi iiettement que le 
jour a la ville, sur une table sans cesse ebraulee par le passjige de 
lourds vehiculcs ((louy). De meme il ne sert a rien de se donner 
beaucoup de peine pour assurer runiformito de temperature de la 
gouttelette. Tout ce qu’on gagne est encore seuleinent de supprimer 
des courants d’ensemble parfaitement reconnaissables et sans aucun 
rapport avec I’agitation irreguliere observee. On ne gagne rien non 
plus en dimihuiijii oxtremement I’intensite de la luiniere eclairante 
ou en chaiigeant sa couleur (Gouy). 

Bien entendu, le phenomene n’est pas particulier a I’eau, mais se 
retrouve dans tons les fluides, d’autant plus actif que ces fluides sont 
moins visqueux, et par suite il est surtout vif dans les gaz. Je vous 
montrais, il y a un instant, la cinematographie df* grains de gomme 
gutte dans I’eau ; en voici une autre que je dois a I’obligeance de 
MM. Victor Henri et de Broglie, et qui vous montre le mouvement 
brownien dans Fair des gouttelettes ultra-microscopiques qui forment 
la fum6e de tabac. 

Dans un fluide donne, la grosseur des gniins impoite beaucoup, 
et I’agitation est d’autant plus vive que les grains sont plus |)etits. 
Cette propriete fut signal^e par Brown, des le premier instant de 
sa d6couverte. Quant a la nature des grains, elle parait avoii peu 
d’influence, si elle en a. Dans un meme fluide, deux grains s’agiteut 
de Illume quand ils ont la meme taille, quelle que soit leur substance 
et quelle que soit leur densite (Jevons, Et, incidemment, 

cette absence d’influence de la nature des grains elimine toute analogie 
avec les d^placements que subit un morceau de camphre jete sur 
I’eau. 

Enfin — et ceci est peut-6tre le canictere le plus etrange et le plus 
veritablement nouveau — le mouvement brownien ne s’arrete jamais. 
A I’interieur d’une cellule close (de maiiiere a eviter I’evaporation), 
on pent I’observer pendant des jours, des mois, des ann6es. Il se 
manifeste dans des inclusions liquides enferm6es dans le quartz depuis 
des milliers d’ann^es. Il est iternel et spontani, 

L’ensemble de tous ces caract^res impose la conclusion que les 
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grains observes servent seulement a rev61er une agitation propre au 
fliiide lui-m6me, ce qu’ils font d’autant mienx qu’ils sont pins petits ; 
(cVst ainsi qu'un petit bateau suit plus facilement quVn gros le 
mouvement des vagues de la mer). Nous atteignons par la une 
propriete essentielle de ce qu’on appelle un fluide en 4quilibre : ce 
repos apparent n’est qu'une illusion, due a rimperfection de nos sens, 
et correspond en r^alite ii un certain regime permanent d’agitation 
violente et spontan^e. 

J’aurais voiilu vous dire comment cette agitation perpetuelle, 
enleve au second principe de la therinodynamiqiie le rang d’une veritete 
absolulue ((»ouy, 1888), et le reduit a une loi de 8t{itisti(|ue, c’est a dire 
a raflinnation de probabilites d’autimt plus faibles qu’on les a}>plique 
a des sy8t(*mes plus petits, mais le temj)8 nous est trop mesure, et je 
veux tout de suite chercher quelle cause interieure an fluide jHJUt 
expliquer le phtuiomene. 

Nous devrons, p<mr deviner cette cause, faire appel aux hypotheses 
moleculaires. Vous savez combien elles sont anciennes, puisque deja 
Democrite et Lfucippe presseiitirent, il y a plus de vingt siecles, que 
la Matiere est faite de grains indestructibles mouvement incessant, 
atoraes que le Ilasard, ou le Destin, aurait groupes au corns des ages, 
selon les formes et les corps (pii nous sont fami Hers. Mais la tradition 
seule nous renseigne sur ces premieres theories, et, dans le beau poeme 
deja tres posterieur ou Lucrece expose ratomisme d’Epicure, je n’ai 
rien vu (^ui indiiiue la fa^on dont les philosophes grecs ont etc 
conduits a attribuer a la Matiere une structure granulaire. 

II me seinble (jue cette. hypothese a pu leur etre suggeree par les 
proprietes si familieres des melanges. En tout ctis, il y a^ans ces 
proprietes un argument deja serieiix, (pje je veux donner d’abord. 
Nous disons tous, par exemplc, apres avoir dissous du sucre dans de 
I’eau, (juc le sucre et I’eau subsistent dans le melange, bien qu’on no 
puisse pas -distinguer dans I’eau sucree des parties differentes. De 
meme nous disons qu'iJ y a de Toxygene dans Fair et plus gtuieralement 
nous reconnaissons^ souvent sans hesitation, au travers des proprietes 
d’un melange, celles de ses const itnants. 

Cela se compreiidrait facilement, si les cor})s (pii ont forme le 
melange y subsistaient conime subsistent a cote les nns des autres la 
fleur de soufre et la limaille de fer que je melange sous vos yeux. 
Vous ne pouvez plus a present distinguer les grains jaunes des grains 
noirs, et le tout a pris a vos yeux une colordtion grise bien honiogene. 
Vous y reconnaissez le fer, pourtant, miime de loin, si j’approche un 
aimant du ballon qui contient le tout, et cela ne vous surprend pas, 
car vous savez bien qu’il vous suffirait de vous approcher pour 
distinguer les grain§^de fer et de soufre juxtaposes, mais non modifies. 
De mime, la fKjrsistance des proprietes du sucre dans I’eau ^cr6e 
s’expliquera tres bien si dans cette solution se trouvent simplement 
m^lles, juxtapos6es, de petites particules qui k elles toutes aeules, 
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forineraieiit de I’etiu, et d’aatres purticules qui prises d(* iiienie seiiles 
ensemble formeraient dn sucre. Ces particiiies elementaires, ces 
moUcnles, se retroiiveraieiit dans tous les melanges ou Ton reconnait 
do I’eau ou dn sucre, et Icur extreme petitesse nous empecherait seule 
de les percevoir individuellemcnt. 

l)e plus, les molecules d’un corps pur comme Teau, si elles 
existent, doivent Otre ideriti(|ucs, sans (|U(>i elles ne reagiraient ])as de 
meme aux divei*s essais de fraction iiement, a rebullition par exemple, 
et les fractions successivement separees ne seraient i)as identiques, 
alors qu’en fait elles le sont. (Dalton.) 

Toujours si les molecules existent, nous somnies forces, pour 
coinprendre les dissolutions ou les diffusions, d’admettre qu’elles 
s’agitent siins cesse. Versons avec precaution (le Talcool sur de I’eau, 
ou superposons du gaz ciirboniquc* et de Thydrogime (Berthollet) et 
abandonnons le systeme a temperature bien constante. Vous savez 
(|u’alors les deux fl aides se penetrent progress! vement, bien que le 
plus leger soit an-dessus, et cela ne se pourrait pas si leurs molecules 
restaient immobiles. (^uand nous aurons ainsi vu que les molecules 
de gaz carboniipic diffiisent dans Vhydrogeue, diffusent dans Toxygene, 
(lifFusent dans Tazote, et ainsi de suite, il nous semblera bien probable 
qii’elles diffuftviit’ Mii^si dans le gaz (‘arbonique lui-ineme, ct cela 
revient a dire (pu* les mo]<'(*ul(*s du gaz carbonicjue sont (ui raouve- 
ment inc(‘s.sant. 

(V*tte agitation des molecules cx])lique aussitot la pression 
qu’exercent les fluid(‘s sur les parois d(*s recipients qui les enferment, 
pression (jui s(*ra due anx cliocs des mollcnli‘S contre ces psirois. 
Cette explication, developpce au dix-lmitieme si(*cle par Euler et 
Rernouilli, entraine la loi de Boyle et permet de calculer la vitesse 
moyenne d(^s mol6cul(*s de divers gaz ; (dans I’air de cette salle, par 
exemple, les inolc^cules auraient une vitesse moyenne d’environ 500 
ra(‘tres par seconde). (^e resultat marque le premier succes, dans la 
Physique moderne, des vieilles hypotbt)ses de I’atomisme grec. 

Mais nous soinines encore loin d’une verification directe, et les 
mouvoments suppoBe.s des nioleimles nous echappent comme le mouve- 
nient des vagues de la mer echappe a un observateur trop eloigne. 
Cependant, si quelque bateau se trouve alors en vue, le meme obser- 
vateur iKiurra percevoir un balancement ipii lui revelera Tagitation 
qu’il ne soup(;onnait pas. Ne peut-on de meme esperer, si des 
particules mici’oscopiques se trouvent dans un fiuide, que ces particules, 
ces poussieres encore assez grosses pour etre suivies sous le microscope, 
soient deja assez |>etite8 pour etre notablement agitees par les chocs 
moloculaires ? 

Vous devinez, maintenant, quelle explication nous allons donner 
au mouvement brownien. Tout granule situe dans un fluide est sans 
cease heurte par les mol^ules voisines. II n’y a aucune chance pour 
({ua ces cliocs s’6quilibrcnt exactement : notre granule sera done irr6gu- 
lieremeut ballott^, et peut-etre ce sera \k le mouvement brownien. 
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Cette explication seduisantc (Wiener, 1863), a 6to regard^e 
longtemps comme douteuse. Ponr qu’elle s’impose, il faufc an moins 
quc la theorie prevoie I’ordre de grandeur du phenomene, dont nous 
ne savous pas encore s’il n’est pas colossalement plus grand (ou plus 
petit) que ne le perraet notre hypothese. 

Nous allons voir que cette verification quantiUtive est possible, 
mais, pour y arriver, jc dois vous rappeler d’abord comment, depuis 
longtemps deja, la mesure des viscosites des gaz avait pcrmis de* 
trouver des valeurs probables pour la grandeur et le poids des mole- 
cules. Je vous montrerai ensuite que le mouvemcnt brownien, sup- 
pose du aux chocs raoleculaires, donne egalement un moyen d'atteiiidre 
ces m^mes grandeurs moleculaires. Si les deux resultats obtenus par 
des chemins si differents concordent, Torigine du mouvemeiit brownien 
ne sera plus douteuse. 

Si Ton admet Texistence des molecules, on est conduit, jx)ur 
expliquer les lois de discontiimite de la Chimie (loi des proportions 
delinies, loi des proportions multiples, loi des nombres proportioniiels), 
a admettre avec votre illustre Dalton Texistence (i'atomes canicteris- 
tiqucs des divers corps simples. Des lors, en effet, la composition 
d’une molecule varie necessairement mr bonds discontinus, corre- 
spondant a I’entree (ou a la sortie) de an moins 1 atome. Apres 
quoi, on peut tirer avec precision, des phenomtmes de substitution 
chimique, non pas les poids absolus des molecules et des atomes, 
mais les rapports de ces poids. 

Quand i)ar exemple on dissout du calcium dans Tt^au, on claisse la 
raoitie seuleinent de Thydrogene de cette eau. Cela peut se com- 
prendre si Ton admet que I’hydrogene de chaque molecule de 
cette eau se compose de deux parties egales. II faut considerer ces 
parties comme insmibles par tout moyen chimique puisque jamais une 
autre substitution ne conduit a en supposer plus dc deux ; on dira 
que ce sent des “ atomes ” d’hydrogene. D’autre part, une molecule 
d’eau, comme toute masse d’eau, pese 9 fois auUint que Thydrogene 
qu’elle contient ; elle pese done 18 fois autant (pi’un seul atome 
(I’liydrogene. On trouverait par une marche semblablo que par 
exemple une molecule de benzine doit peser 78 fois autant que 1 atome 
d’hydrogene. Les poids des molecules de benzine et d’eau et de 
Tatome d’hydrogene sont done entre eux comme 78, 18, et 1. On 
trouverait de m^me, en un grand nombre de cas, les rapports des 
poids de diverses moltkiules et de divers atomes.* II est bien remerqu- 
able que toutes ces determinations sont concordantes, en sortu quc 
par exemple il faudrait compter par milliers le nombre des corps dont 


* A vrai dire tous c6tt rapports ne seraient pas encore atteints : par ex^ple, 
il n’est pas de substitution qui puisse renseigner sur le poids mol6culair0 d’un 
corps simple comme I’oxygene. Nous verrons dans un instant comment la 
loi d’ATogadro permet de combler cette lacune. 
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I’dtude conduirait k dire que Tatome de carbone est 12 fois plus 
lourd que I’atome d’hydrogene. Cela donne confianco dans la theorie 
atomique, mais ne nous ap]>rend absolumeiit rien siir rechelle des 
grandeurs molecula-ires, peut-^tre proches de nous, peut-6tre intini- 
ment lointaines. 

On voit du moiiis que, pour avoir les poids absolus des divers 
atonies ou molecules, il suffinait de connaitre Tun d’eiix. Du meme 
couj) nous aurions aussi, coinnie Pa renianpie Helmholtz, la charge 
olementaire que transporte dans T^lectrolyse I atomo d’hydrogene 
(et plus generalement 1 ion monovalent) Si cn elTet nous savions 
ce que pose 1 atome d’hydrogeiie, nous saurions cornbien 1 gramme 
d’hydrogone contient de ces atonies, et par suite cornbien chacun 
transporte dans I’electrolyse, puisque nous savons que 1 gramme 
d’hydrogene y transporte environ 100,000 coulombs. 

Ta^hons done d’atteindre I’liu de ces poids elementaires, celui de 
la molecule d’oxygene par exenqde. 

Tfieorip CitiHique. — Supposons qu’on licjuelie la masse d'oxygene 
(pii occupe 1 litre (pressioii et temperature oi’dinaires) Les a mole- 
cules (pii s’y trouvent vont venir presqu'au contiiet, car notre li(piide 
est presque in<^( expressible. Or, on siiit (pie le volume vrai des 
grains d’un ta’s de sable vaut a yieii pres les du volume apparent 
du tas ; il est done probable (jue le volume \rai de nos n molecules 
n’ost pas tres inforicur aiix 5 du volume du licjuide, (‘t, en acceptant 
cette valeur on ne ferait d6ja pas unt‘ erreur (‘norine. Une theorie 
plus precise, due a Van der Waals, conduit a admettre plutot une 
valeur deux fois plus petite, et k ecrire : 

?i X volume de 1 molecule J volume du liiiuide. 


D’autre part, a I’c^tat gazeiix, dans un volume doiiiK^, des mole- 
cules en riombre fixe 71 se heurtent d’autant plus souvent qu’elh's sont 
plus grosses. Ou, si vous preferez, le libre parcours moleculaire 
moyen Tj est d’autant plus petit ipie les molecules sont plus grosses, 
out plus de surface. C’lausiiis et Maxwell out pu calculer cette 
relation (en admettant les molecules spherhpies) et out trouv*' : 


71 X surface de 1 molecule - 0,7 


volume du gaz 
libre parcours moyen* 


Si nous coniiaissions le libre })arc()urs moyen, nous aurions done, 
divisant ces deux cipiations Tune par Tautre, le rapport du volume 
3 ttR'^ a la surface 4 7r R-, e’est a dire le rayon de la molecule, et par 
suite son volume et sa surface. L’une des deux equations, la premiere 
par excmple, nous donnerait alors 71, nombre de molecules quiforment 
une nnisse connue d’oxygene. La masse de la molecule d’oxygent 
serait done obtenue. 

Mais il faut pour cela connaitre le libre parcours moleculaire. 


HS~ Vol 7 G* 
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Maxwell a su le dcduire de la force qui s'exerce par frottement entrc 
deux couches gazeuses qui glissent Tune sur Tautre avec des vitesscs 
diflferentes. 

II est facile de inoiitrer Texisteiice de ce “ frottement int6rieur,‘* 
de cette “ viscosite ” Vous voyez le jet de gaz que j'allume au bout 
de ce long tube capillaire. Si maiiitenant je raccoiircis le tube (eii 
le coupaiit), le jet de gaz qui eu sort donue une flamrae beaucoup plus 
longue. Le gaz sort done plus vite par iin tube pourtant de in6me 
section. II y avait done un grand frotteinent dans la partie que j’ai 
supprim^, k Tint^rieur de laquelle glissaient les unes dans les autres 
des gafnes gazeuses cylindriques. 

1/ hypothese inol^ulaire explique ais^ment ce frottement. Pour 
le comprendre, iniaginons deux trains de voyageurs se mouvant sur 
des rails paralleles avec des vitesses presque 6gales. Les voyageurs 
pourraient s’amuser a sauter sans cesse de Tun a I’autre, recevant 
chaque fois un 16ger choc. Grace a ces chocs, les voyageurs tombant 
sur le train le moins rapide en accroitraient lentement la vitesse, 
tandis que, de meme, celle du train le plus rapide diminuerait lente- 
ment. Les deux vitesses s’egaliseraient done, comme par un frotte- 
ment, si on ne maintenait leur difference constante. II en sera ainsi 
pour deux couches gazeuses qui glissent Tune sur I’autre, puis qu’elles 
se bombardent sans cesse, en s’envoyant Tune a I’antre des molecules. 

L’analyse raathematique de cette idee si simple, faite par votre 
compatriote Maxwell, a montre que la force de frottement par centi- 
metre carre entre deux couches gazeuses disbintes de I centimetre et 
ayant une vitesse relative de 1 centimetre par seconde (force qui 
verifie la viscosite) verifie a peu pres IVquation : 

viscosite = ^ densite x libre parcours x vitesse moleculaire. 

La densite tju gaz et la viscosite sont inesuraldes. Nous aurons done 
le libre parcours si nous pouvous determiner la vitesse moleculaire 
(moyenne). 

Ce dernier effort est facile. La pression du gaz, nous Tavons 
deja dit, s’explique par les chocs incessiints des molecules sur les 
parois, et ces chocs sont d’autant plus efficaces (pie chacunc d’elles est 
plus lourde et plus rapide. Le calcul precis, dfi k Bernoulli, doniie : 

pression *= J density x carr^ de la vitesse mol^ulaire. 

Ce qui determine la vitesse cherchee. Appliquant a Toxygene^ on 
trouve environ 500 metres par seconde a la temperature ordinaire : 
les mollies que nous respirons sont aussi rapides que des ballqs de 
fusil. 

Nous n’avons plus alors qu’ k remontcr de proche en nroche : Hons 
aurons le libre parcours raoyen (1 dix-millieme de millimetre pour 
I’air, dans les conditions ordinaires), puis le diametre molteulaire 
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(une molecule d’oxygene est a un homme a pen pres comme nn 
hoinme est an soleil), puis le nombre n tie molecules par litre (environ 
30 milliards de trillions), puis enfin le ]>oid8 de la molecule d’oxygene 
qui nous donnera, nous I’avons vu, tons les autres poids de molecules 
on d’atomes. 

On trouve ainsi, I’errenr possible etant largement de 30 %, ([iie le 
poids de I’atome d’hydrogene vaut seulement le trillionieme du 
trillioiiieme de soit : 

1.000. 000 . 000 . 000 . 000 .000. 000 . 000 

on, pins britn^ement, 1"T». 10~^\ Quant a la charge elementaire, ellt 
serait environ 5.10“^'', soit environ le milliardicrne de la charge que 
pent deceler nn electros(‘ope ordinaire. 

Je vais maintenant vous dire comment j’ai pn, grace an mouve- 
ment brownien, donner d’autres moyens pour ohtenir ces grandeurs 
molecnlaires. 

La loi iVAvotjadro, — Je vous indi([iiai8 to\it a Thenre comment 
I’etnde des substitutions chimitjncs donne [>ar exemple le rapport des 
masses des molecules de benzine et d’eau, qiii doiveut etre entre dies 
comme 7H et 18. Deiix masses de henzine et d’eau i[ni sont rune a 
I’aiitre comme 78 est a 18 contiennent done antant de molecules Tune 
rpie I’antre. Or, si nous mesurons les \olumes occup6s a I’etat 
gazeux, par ces deu\ masses, a la raeme tempc*rat\ire et a la meme 
pression, nous trouvons (pie ces volumes sont (^‘gaiix. (’e n'est pas la 
nn hasard, et de fa 9 on tout a fait constante on trouve que deux 
masses gazeuses (pii doivent contenir antant de molecules ocenpent 
le meme volume (juand dies out la mrune temperature et la m^nie 
pression. C’est la loi d’ Avogadro, (pie Ton pent ^.noncer comme ceci : 

Danfi rHat ijazvHx^ des nombres et/aux de in(deru/es de substances 
differenteSj enfermees dans des volumes eganx a Jo meme temperature^ 
y prodiHsent des pressions egales,* 

Vous savez jiar aillenrs (loi de Boyle), (jue la pression ainsi 
d6velopp6e varie en raison inverse du voliinie occupy. 

Ces lois des gaz ont ^tendues par Van ’t Hotf aux solutions 
dilutes. II faut, bien entendu, consid6rer alors, non la pression 
totale exerc^e sur les [larois, mais seulement la part de cette pression 
qui est due aux cho(‘s des moltoiles dissoutes, portion appel^e pression 
osmotique du corps dissous (et que Ton ne pent mesurer (jue si Ton 
sait realiser une paroi •* semi-permeable ” qui arr^te les molecules du 

* La loi d’Avogadro, une foin bieu etablie, nous donnera par extrapolation 
des poids mol^culaires non attoints par la m^thodc des substitutions chimlques. 
* Par exemple, quand nous aurons trouv^* quo 32 parties d*oxg^ne ou 2 parties 
d*hydrog^ne exorcent dans le mdme volume (et a la 'uSme temperature), la 
m^me pression quo 18 parties de vapeur d'eau, nous saurons que les masses do 
oes troiB Bortes ae molecules aont entre eUes oomme 32, 2, et 18, 
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corps dissoas, mais non pas celles du dissolvant). Les lois d'Avogadro 
et ae Boyle deviennent alors : 

Dam VUat dilui {gazmx on d%s8ous\ des nombres egaux de molecules 
qmlconqueSy mfermees dans des volumes egaux d la memo teni'perature 
y produisent la meme pression. Cette pression varie en raison inverse 
du volume occupe. 

Ces lois sont indilf^reminent applicables A toutes les molecules, 
grosses ou petites. Les lourdes moltoiles de sucre ou de sulfate de 
quinine ne comptenfc ni plus ni moins que la molecule d’hydrogene. 
Pourtant la molteule de sucrcf contient dej& 45 atomes, celle da sulfate 
de quinine en contient plus de 100, et Ton en trouverait aisement de 

C ’ i complexes qui obeissent aux lois de Van ’t Hoflf (ou aux lois de 
ult, qui en sont la consequence). 

N'est-ilpas alors supposable qu\l rCy ait aucune limite de grosseur 
pour Vassemblage d^atomes qui verifie cps lois ; n''est~il pas supposable 
que meme des POUSSii:uES deja visibles les virifient encore exactement, en 
sorts qu'un granule agite par Ip mouvement brownien ne compte ni plus 
ni moins qu'une molecule d' hydrogene en ce qui regarde V action de see 
ctwcs sur uneparoi qui Varrete / Ouy plus brievement^ est-il deraison- 
nabU de penser que les lois des gaz parfaits s'^appliquent encore aux 
EMULSIONS faites de grains visibles ? 

J’ai fait ce postulat, et c’est dans ce sens que j’ai chercbo une 
exp(‘rience cruciale qui decidA-t de rorigine du mouvement brownien, 
et du meme coup donn^t ou retirat une base experimentale aux 
theories moleculaires. 

Voici celle qui m’a paru le plus simple : 

La Reparation d'EquiUhre^ dans une Colonne Verticale de^Matiere 
Diluk. — Vous savez que I’air est plus rarefie sur les montagries (jii’iiu 
niveau de la mer, et que, de fa^on generale, une colonne de gaz 
s’ecrase sous son propre poids, IVtat d’equilibre resultant d’un 
antagonisme entre la pesaiiteur, qui fait tomber les molecules, et leur 
agitation, qui les eparpille sans cesse. 

La loi de rarefaction, indiquee par Laplace (pour montrer com- 
ment Taltitude peut etre donnee par le baroiiietre), est une cons('*quence 
necessaire de la loi de Boyle, et j)eut sVnoncer de la inaniere suivaiite: 

Chaque fois qu'on s'eVere d'une meme hauteur^ la densite sp trouve 
divisee par un mhae nomhre. Ou, plus brievement : des bonds verti- 
caux egaux s'accompagnent de rarefactions eg ales. 

Par exemple, dans de I’air a la temperature ordinaire, la densite 
diminue de moitie chatjue fois qn’on s’eleve de 6 kilometres (a partir 
de n’importe quel niveau). 

Mais reievation qui entraine une rarefaction double ne serait pas 
la meme dans de Thydrogene. Un raisonnement simple monlro que 
la fa^on dont intlue la nature du gaz est une consequence nccesiaire 
de la loi d’Avogadro et peut s’enoncer comme ceci : 

Les elevations qui mtratnent une rmme rarifaction^ pour deux gaz 
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diffirmts (a la meme tmpirature) sont dam le rapport inverse des 
poids des moUcules de ces deux tjaz. 

Par exeraple, si dans de I’oxygene a O'* il faut s’elever de 5 kilo- 
metres pour que la densite devienne 2 fois plus faible, il faudrait 
B’(ilever de 80 kilometres dans de Thydrogene a O'* i)arce que la 
inol6cule d’hydrogene est 16 fois plus legere que la molecule d’oxygene. 

Vousvoyez ici (Fig. l),un diagramnie representant trois eprouvettes 
vertieales gigantesques (la plus grande a :>00 kilometres de bant), ou 



Ton auniit mis en inline nombre, des molecules d’hydrogene, des 
.molecules d’helium, et des molecules d’oxygene. A tenq)eraturo 
supposee uniforme, les molecules se repirtiraient ^ omme Tiiulique le 
diagramme, d’autant plus remassees vers le bas qu’eHes sont plus 
pesantes. 
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Or, nous avons iti conduits a penser que les lois des gaz parfaits 
s’appliquent peiit-etre aux Emulsions. Si cela est vrai, et si nous 
I'^lisons une emulsion ou les grains soient egaux, la distribution de 
la matiere dans une coloiine verticale de cette (buulsion devra Otre la 
m6me que pour un gaz. En d’autres tenues, une fois atteinte la 
distribution d’«}uilibre, des elevations egales s’accoinpagneront de 
nir^factions egales. Mais s’il faut s’elever seulenient de de milli- 
metre, c’est a dire 100 millions de fois moins (jue dans de Toxygene, 
pour que la concentration devienne 2 fois plus faible, on devra penser 
que chaque grain de remulsion pese 100 millions de fois })1uk que 
1 molecule d’oxygene. On aura done ce dernier poids si on arrive 
a peser le grain, qui jouera le role d’un relai entre les dimensions 
mok'culaii’es et celles (jui sont a notre echelle. 

II cst bien entendu que le poids efficiice du grain sera la difference 
entre son }K)ids reel et la poussee qu’il subit dans le li(|uide (con- 
formement au principe d’Archimede). Si les grains ctiiient plus 
Icgers que le liquide intergranulaire, e’est dans les couches siiixu-ieures 
qu’ils s’accuniuleraient (des abaissements egaux entrainant des rarc^ 
factions egales). Ils se repartiraient uniformeinent s’ils avaient la 
meme densite que le liquide. 

Realisation Praiiqne , — J ai utilise, pour realiser ees cxjxh’iences, 
lea (.hnulsions (jue Ton obtient eu prenapitant [)ar Vvnu les solutions 
alcooli(iue8 des resines. On obtient ainsi (eoinme voiis le voyt‘z), 
pour la gomme-gutte un beau li(|uide jaune, pour le 7nasttc iin liquide 
blanc comme du lait. Le microscope revele dans ees liquides la 
resine precipiU^e sous forme de grains roiids solides, ([ui ne s’aggluti- 
nent pas quund les hiusards du mouvement brownien les airifnent au 
contact (ce qui arrive pour d’autrer(^ines, qni dorinentdes grains mons). 

Mais les diainetres do ces grains sont tres varies et il me fallait 
les trier de fayon a realiser des emulsions oil tous les grains fussent a 
peu pres d^ la meme taillc. Le precede (pie j’ai (‘uqdoyi^ pent se 
comparer au fractionnement d’un nuMange licjuide par distillation. 
De m^me que, pendant la distillation, les parties d’al)ord vaporise^es 
sont relativement plus riches en constituants volatils, de m6me 
pendant la centrifugation d'une (hnulsion les parties d’abord sedi- 
mentees seront relativement plus riches en gros grains. Vous concevez 
ainsi qu’il soit facile de trouver une technique [lennettant de trier les 
grains selon leur taillc par centrifugation fnictionee. L’opi^ration 
est d’ailleurs longue (j’y ai passe plusieurs mois), mais enfin ne 
demande que de la patience. 

Une fois r^alisee une emulsion a grains suffisamment unifotmes, 
il faut determiner le poids moyen de ces grains. Leur densi^ se 
mesure comme pour^une jwudre quelconque (le poids de rfeinie eu 
suspension dans le flacon employ^ se dose par sinmle dessiccation). 
Toute la difficult^ est done d’obtenir le diametre. 11 semble indiqu6 
de le mesurer au microscope par le proc^^ de la chambre claire, au 
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moyen d’un micrometre objectif. Maie les grains utilisables sont si 
petits qu’on ferait facilement ainsi des erreurs de 20 pour 100 et plus. 
lJu procM^ presque aussi direct eonsiste a laisser ^vaporer uiie 
gouttelette d’emulsion sur le micrometre objectif : il se trouve, 
comme vous pouvez voir ici sur une projection (Pig. 2), que les grains 
se disposent aloi*s en alignements reguliers, dont cette fois on peut 
mesurer la longueur avec assez de pr^ision. Divisant cette longueur 
par le nombre de grains, on a le diametre. 

Un autre proc(^do, plus long, mais plus precis, eonsiste compter 
combien il y a de gniins dans un volume connu d’emulsion titr^e, ce 
qui donne la masse d’un grain, et, par suite, son rayon, puisque Ton 
connait sa densite. J’ai utilise pour cela le fait, accidentellenient 
observe, qu’en milieu tres faiblement acide les grains de gomine-gutte 
se colleut sur le verre. A distance notable des parois, le mouvemeiit 
brownien n’est pas modifie ; mais, sitot (jue les nasards de ce inoiive- 
ment amenent un grain au contact d’une paroi, ce grain s’iinmobilis(‘. 
li’emulsion s’appauvrit ainsi progressivement, et, apres quelques 
heures, tons les grains qu’elle contenait sont fixes. On peut alors 
compter a loisir tous ceux qui proviennent d’un cylindre de base 
arbitraire (mesuree a la chambre claire). 

Enfin un troisieine proced<!i, que je ne vous explique pas en detail, 
se fonde sur I’observation du temps uecessaire pour que la partie 
superieure d’une colonne verticale d’emulsion (Imute de plusieurs 
centimetres) se clarifie sur une hauteur donnee. Ce temps, ncTessaire 
aux grains pour descendre, en moyenne, de cette hauteur, donne le 
diametre par application de la loi de chute d’une sphere dans un fliude 
visqueux (Stokes). 

Ces trois procodes concordent, et cela est ntessfiire pourT|ue nous 
puis-sions avoir confiance dans la pi^cision de mesures qui portent sur 
un rayon inferieur au miUieme de millimetre. 

Dispositif d* Observation , — Il nous faut maintenant realiser un 
dispositif qui permette de connaitre la reptirtition d’tV|uilibre en 
fonction de la hauteur. Pour cela, dans une cuve plate, dont la 
profondeur est de millimetre, on phme une goutte d’omulsion 
qu’on aplatit aussitdt par un couvre-objet qui ferme la cuve et dont 
on paraffine les bords pour eviter I’evaporation. 

On peut, comme I’lndique la figure, disposer cette cuve verticale- 
ment, le corps du microscope etant horizontal, et donner a la colonne 
verticale ou peut se distribuer I’emulsion une hauteur de quclqm's 
millimetres. On voit alors les grains s’accurauler dans les coaches 
inf^rieures et tendre vers une distribution d’equilibre (praticiuctnent 
atteinte apres un ou deux jours) oil la rarefaction progressive en 
fonction de la hauteur est manifeste, comme vous pouvez le voit sur 
une projection, qui rappelJe de fa^on 6vidente la loi de rar(^faction 
des gaz i^sants. 

Mais, si petits que soient nos grains, ils sont encore tellement 
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lourds que la rarefaction en est extremcment rapide et que la hauteur 
sur laqiielle on peut utileinent faire des mesures est inferieure au 
dixieme do millimetre. 

On peut done, comme on voit egalement sur la figure, laisscr la 
cuve hurizontale, le corps du microscope etiint vertical, auquel cas il 
suflit d’uii (jiiiirt d’heuro environ pour que la repartition a equilibre 
sVtablisso. L’objectif du microscope, tres grossissaiit, a une faible 
profoiideur de champ, ot on ne peut voir nettenieiit, a un m^me 
instant, que les grains situes dans une tranche horizontale tros mince 
dont repaisKonr ost pen superieure au millii^me de millimetre. Si 
Ton (‘love ou abaisse le microscope, on voit les grains d’une autre 
traiiclie. Iju distance do ccs deux tranches se deduit du dcplaccment 
vertical hi sur la vis du microscope ; le rappf)rb des nombres de grains 


OBJECTIF 

MICROSCOPIPUE 





PORTE OejET 


EMULSION 

Fig. 3. 

apor^us don no done la rarefaction qiii correspond a une elevation 
connuo. C’est sous cette forme que j’ai d’abord fait ces expc^riences. 

Je nYHais pas sur qu’il j aurait la moindre rarefaction, (‘t pas 
davantage sur quo, au contrairo, tons les grains ne se ramassoraient 
pas tout contre le fond. Or, j’ai vu s’etablir un regime permanent 
de rarefaction bien roguliore. (V'tte rarc^faction est partieulierement 
frap|)ante quand, tenant Tocil fixe sur la pn^^^aration, on souleve 
ra|)idoinent le microscope au moyen de sa vis micromotrique. On 
voit alors les grains se rari^fier rapidement, comme fait ratmospherc 
autour d’lin aerostat qui .s’elove. 

Reste a faire des mesures precises. Quand on aper^oit dans le 
cham]) quekiues centaines de grains qui s’agitent en tens sens ou 
dis]>iiraissent en meme temps qu’appmiisKent de nouveaux grains, 
on rcnonce vite a les com]>ter. Heurcusenient, on peut faire des 
photograidiies instantancies des diverse tranches, et compter eiisuite 
a loisir sur les clich(% les nombres de grains presents dans ces tranches 

II est facile de verifier aiusi que des elevations 6gales s’accom- 
pagueiit de ran^factions legates. Par exemple, pour des grains de 
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rayon 4gal k 0,212 /x, trois bonds succcssifs de 30 /x abaissaieiit la 
concentration sensiblenient a la moitic, an quart et an huitieinc do 
sa valeur. Pour d’autres grains, de niyon ogal a 0,367 /x, une eleva- 


tion de 6 /X suffisait pour rendrc la density 
deux fois plus faible environ. Voiis voyez 
ici pr^cisement un dessin obtenu en 
pla 9 ant juste au-dessous Tune de I’autre 
5 coupes faites 4 6 /x de distance dans 
cette Emulsion (Fig. 4). 

Pour obtenir la m^me rarefaction 
dans de I’air, nous avons vu qu’il faud- 
rait faire un bond de 6 kilometres, un 
milliard de fois plus grand. Si notre 
theorie est bonne, le poids d’une molecule 
d’air serait done le milliardieme du poids 

J ue pese, dans Teau, un de nos grains, 
je poids de Tatome d’hydrogene s’obtien- 
dra de m^me et tout I’intdr^t de la ques- 
tion est maintenant de savoir si nous 
allons ainsi retrou ver les nombres auxquels 
avait conduit la th^orie cin^tique. 

Aussi, j’ai ressenti une vive Emotion 
quand, d^ le premier essai, j’ai en effet 
retrou VC ces nombres que la theorie cine- 
tique avait obtenus par une voie si pro- 
fond^ment differente. J'ai d’ailleurs varie 
autant que j’ai pu les conditions de 
I’expc^rience. Par exemple, la masse de 
mes grains a pris une sdrie de valeurs 
fehelonnees entre des limites qui sont 
entre elles comme 1 et 4b ; j’ai change 
la nature de ces grains, opth’ant sur 
diverses resines (en particulier sur le 
mastic) ; par addition de glycerine, j’ai 
accru dans le rapport de 120 a 1 la 
viscosite du liquide intergranulaire, 
changeant en m^rae temps la nature de 
ce liquide ; enfin j’ai notablement chang6 
la density apparente des grains, qui, dans 
I’eau, a vari6 du simple au (quintuple, 



et qui est devenue negative pour de la Pio. 4. 

gomme-gutte dans de la glycerine a 10 % 

d’eau (dans ce dernier cas, les grains, plus legers que la li(iuide, 
s’accumulaient dans couches superieures).* Toujours j’ai obtenu 


* Tout r^cemment enfin, sour ma direction, M. Bruhat a fait variar la 
temperature de —10° k +58°, et a encore ainsi retrouv6 le mfime poids. 
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des r^sultats concordants, indiquant pourTatome d’hydrogfene un poids 
tres voisin du poids 1,6. 10““^ donn6 par la theorie cin^tique. 

Je ne pense pas que cette concordance puisse laisser de doute sur 
I’origine du mouvement brownien. Pour coniprendre a quel point 
elle est frappantc, il faut encore une fois songer qu’avant experience 
on n’eut pas os^ certifier que la chute de concentration ne serait pas 
n^gligeable sur la faible hauteur dc quelques microns, et que, pir 
contre, on n’eut pas os(^ davantage affirmer que tons les grains ne se 
rasserableraicnt pas dans le voisinage iinmediat du fond de la cuve. 
La premiere eventualite donnerait une valeur nulle, et la seconde une 
valeur infinie pour le poids de Tatome d’hydrogene. Que Ton soit 
tombe, avec chaqiie emulsion, dans Pimmeyisp intervalle qui semblerait 
done a priori possible, precisement sur une valeur si voisine du 
nombre pr6vu, ne paraitra sans doute pits I’effet d’une rencontre 
fortuite. 

Mais il y a plus : tandis que la theorie cinetique en raison meine 
des simplifications qui pernietlent scs caleuls, doniie, inline a partir 
d’experiences parfaites, des resiiltats d’uue approximation incerhiiue, 
les iiombres donnds par les emulsions correspondent ii une mesure 
veritable dont, rien ne limite la pnVision. Par ce moyen nous 
saurons vraimeni peser les atonies, et non pas seulement estinier 
grossierement leur poids. 

Les deux scries d’experienc(*s que je regardc eomme le j)lns sures 
m’ont uinsi domic pour le poids de ratoine d’liydrogene (apn‘s 
d^nombrement d’environ 30.000 grains), la valeur 

MI 

1.000. 000 . 000 . 000 . 000 . 000 . 000 . 000 

ou, plus brievement, l‘^’',47’10''‘“\ 

Les autres grandeurs molwulaires s’ensuivent. Par exemple, 
vous verriez aisement que des lors il doit y «avoir dans chaque centi- 
metre cube d’air (conditions normales) 31 milliards de milliards de 
molteules, et que la charge eleinentaire. ou electron, vaut 4,2-10“’'^' 
(unites dloctrostatiques C.G.S.). 

Les Orayideurs moUnilaires peuvent se deduire du Degre d'AgiUi' 
tion , — Nous avons done pu etendro, avec un plein succes, les lois 
des gaz aux Emulsions, et du memo coup obtenir les poids absolus 
des atomes. 11 est remarcjuable que, dans ces mesurcs, nous n’avons 
pas cu a nous occuper de I’activitc du mouvement brownien. Los 
lois des gaz sont verifieos par les emulsions aussi bien dans la glyce- 
rine, oil le mouvement brownien est a peine perceptible, que dans 
I’eau ou il est tres vif, la seule difftu'ence etant que la repartition 
d’^uilibre se realise beaucoup plus vite dans I’eau que duns la 
gly^rine. 

D’autre part, ce mouvement brownien, ctudi6 en lui-m^me, va 
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nous donner un nouveau moyen d’atteindre les grandeurs moleculaires, 
moins intuitif peut-6tre que la prdc^dent, mais aussi precis, et qui a 

iiidique par Einstein en un tres beau travail tWorique (1905). 

Sans chercher k suivre le trajet infiniment enchevltr6 que d^crit 
un grain pendant un temps donn4, Einstein considere seulement son 
lUplacement pendant ce temps, c’est a dire le segment rectiligne qui 
joint son point de depart a son point d’arrivee, et montre que, si 
certaines hypoth^es fondamentales de th(k)rie cinetique sont exactes, 
la connaissance de la valeur moymne de ce d^placement permet 
d'obtenir les grandeurs molficulaires. 

Je ne puis donner ici le detail de ce raisonnement, et me borne 
a dire que la principalc hypothese utilisee par Einstein consistc a 
supposer non seulement, comme on faisait d^ja, qu’ a la meme tem- 
perature toutes les molfeules ont la m^me ^nergie moyenne de 
mouvement, mais que ni^me un grain deja perceptible a encore la 
m^me energie moyenne de mouvement. La formule d’Einstein donne 
alors cette 6nergie moleculaire moyenne, des que Ton connait le 
deplacement moyen en un temps donn6, dans un liquide ayant unc 
viscosite conmie, de grains spneriques de rayon connu. L’cnergic 
mol^ulaire pourra done s'obtenir par cette voie, et du m^me coup 
les masses des diveims molecules, car nous avons vu que Ton sait ce 
que doivent ^tre leurs vitesses, pour que leurs chocs sur les parois 
expliquent les pressions observees. 

Einstein fit remarquer que I’ordre de grandeur des d^placements 
observe concordait parfaitement avec la tfoorie, et laissa aux experi- 
mentateurs le soin d’une comparaison plus praise. Puisque j’avais 
des grains ronds de diametre connu, je me trouvais en etat de faire 
cette comparaison, comme me le fit observer M. Lange vii>*en me 
signalant la theorie d’Einstein que j’ignorais. Je confiai d’abord ces 
mesures a M. Chaudesaignes pour la gomme-gutte, a M. Dabrowski pour 
le mastic, puis je fis moi-mSme un grand norabre de pointdis. Le 
r^ultat fut ’dmeif et montra Fexactitude rigoureuse de la formule 
d’Einstein, le poids de Fatome d’hydrogene calcule par cette methodc 
se trouvant egal a 1,45.10”^^ grammes, pratiquement identique au 
nombre que m’a donne la repartition en hauteur des emulsions. 

Vous apercevez sur la projection ci-jointe, a un grossissement tel 
que 16 divisions du quadrillagc representent 50 microns, trois dcssins 
obtenus en tra^ant les segments qui joignent les positions consecutives 
d’un m^me grain de mastic, de rayon egal a 0^,52, pointe dc trentc 
en trente secondes, a la chambre claire. C’est en faisant la moyenne 
dc pareils segments qu’on pent verifier la formule d’Einstein. 

Ces dessins ne vous donnent au reste gu’une idee trfes afifaiblio du 
prodigieux enchev^trement de la trajectoire r^elle. Si, en effeti on 
faisait des points d^ seconde en seconde, chacun de ces segments 
rectilignes se trouverait remplace par un contour polygonal de tromte 
cdtM relativement aussi compliqu^ que le dessin ici reproduit, et ainsi 
de suite. 
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Pour varier les conditions, j’ai chcrche et j’ai rcussi a preparer des 
grains beaucoup plus gros que ceux qui m’avaient servi jusqu’alors. 
Pour cela, j’ai fait arriver lentement de I’eau, par un eutonnoir a 
poiiite eitil^e, sous une solution alcoolique de mastic. Les grains qui 
so ferment alors dans la zone de passage out couramment un diametre 
d’une douzaine de microns, diametre qui se iiiesure directement a la 
chambre clairc, et sont done environ 100.000 fois plus lourds que 
les plus petits de ceux qui m’avaient servi. Pour que ce poids ne les 
maintieiine pas sans cesse an contiict iminediat du fond, je les ai 
observes dans une solution d’uree qui a presque leur densite. J’ai 
ainsi constate que la formule d’Einstein s’appli(jue encore. Enfin j’ai 
pu eprouver une autre formule, egalement deduite par Einstein des 



hypotheses mole(‘ulaire.s, et qui porte sur la rouitioii moyenne d’un 
grain en un temps donne. C’ette formule prevoyaut environ 100" 
de rotation par scconde pour des grains de I’ordre du micron, semblait 
difficilement verifiable. Mais heureusement j'avais de gros grains ; 
en raison de la grosseur de ces grains, et paree que certains d’entre 
eux contieiinent de petites inclusions qui servent de point de repere, 
fai pu constaier et imsurer leur rotation. Les mesures, assez peu 
prdcises encore, m’ont donne l,5G.10~’*^ comme poids de I’atome 
d’hydrogene, en sorte que la legitimite de ce nouveau moyen 
d’atteindre aiix grandeurs raol^culaires n’est pas douteuse. 
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Je n*ai plus rien a voua dire sur mes recherchcs, mais vous me 
permettrez au moins de vous signaler d’autres metliodes, toutes 
recentes, qui ont egalemenfc permis d’atteindre aux grandeurs mole- 
culaires. Une d’elles, due a Lord Rayleigh, doiiiie le nombrc de 
molecules contenues dans^une colonne d’air de masse calculable, d’apres 
la diif ruction qu’elles font subira la lumiere solaire, et qui, favorisaiit 
les couleurs plus refrangibles, serait Torigine Awbleu du cteL Pour 
avoir les grandeurs moleculaires, il suffit ainsi de mesurer en meme 
temps, pour une m^rae radiation, I’cclat du soleil et dans uue direction 
connue, celui du ciel. Les mesures (Bauer et Moulin), qui ne 
compbrtent pas une grande precision, a cause de la pirt dillicilement 
calculable que les rayons refleehis sur le sol prennent dans rdlumina- 
tion du ciel, donnent pourtant un Ires bon ordre de grandeur, 
indiquaiit, a 50% pres peut-etre, 1,6.10““* pour le poids de Tatome 
d’hydrogene. 

Une autre m^thode plus prtose, se fonde sur la inesure des 
charges electriques transportees par des gouttelettes microscopiqucs. 
Ces charges sont generaleuient petites et sont des multiples entiers 
d’un meme atome d’^lectricite, par la directenient mesiirable, qui se 
trouve ^gal a ce que peut charrier un atome dliydrogene dans 
I’electrolyse. Corame on salt ce que transporte 1 gr. d’hydrogone, on a 
encore par la le poids de I’atome. Cette methode, imagince par 
Townsend et Sir J. J. Thomson, perfectionnee par 11. A. Wilson et 
surtout par Millikan (qui a reussi a prouver de la fayon la plus nette 
la structure atomique de T^lectricite), donne actuellement des cliiffres 
compris ^ntre 1,4.10“®* et 1,7.10”^*. 

tin autre groupe de mesures a son origine dans les proprietes des 
corps radioactifs. Vous savez que certains de ces corps '^mettent 
des rayons a qui excitent la phosphorescence du sulfure de zinc. 
Sir William Crookes, en examinant a la loupe cette phosphorescence, 
la vit se r&oudre en un fourmillement de scintillations eteintes 
aussitdt qu’apparues. Les rayons qui les excitent sont materiels, car 
partout oil ils penetrent, on constate bientot la presence d’li(dium 
(Rutherford) : ils sont probablement formes par des atonies d'helium 
charges positivement. Sir W. Crookes a suppose que chaqiie scintilla- 
tion marquait Tarr^t de Tun de ces atonies qui sont lances a la vitesse 
prodi^euse de 20,000 kilometres par seconde. Si Ton compte alors 
les scintillations dues en un temps donne a une masse connue de 
corps radioactif, et si Ton mesure le volume d’heliuni degag6 pendant 
le mdme temps, on saura combien ce volume contient d’atomes et les 
grandeurs mol^ulaires s’ensuivront. On peut egaleraent (je n’iusiste 
pas sur ce point, simplemcnt pour abreger) mesurer la charge positive 
rayonnee, ou la fraction d6truite du corps radioactif. Ces admiiiibles 
experiences conduise'ht, pour le poids k de Tatome d’hydrogene, a des 
nombres compris entre 1,4.10“®* et 1,6.10”®*. 

Je ne puis enfin que vous indiquer I’existence des belles thiories 
par lesquelles Planck et Lorentz ont reli^ les grandeurs moleculaires 
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a la repartition de renergie dans le spectre d’un corps incandescent. 
Les raesures, qui pourront devenir fcres precises, donnent des main- 
tenant pour h le poids 1,6. 

Je pense que voiis serez fmppes de la diversite des routes qui 
conduisent ainsi a un memo resultat. Si nos hypotheses etaient 
fausses, chacun de ces phenomenes pourrait doniier n’importe quel jeu 
do valours echalonnoes entre zero et Tinfini. Par exemple, en ce qui 
regarde lo niouvement brownien, la niesure des deplacements moyens 
donnerait des nombres differents avec de gros grains et avec de petits 
grains.^ Ces valeurs n’auraient d’ailleurs aucun rapport avec celles, 
egaleraent variables, que donneraicnt les repartitions en hauteur. 
Qu’il y ait convergence, non seulement a rinterieur de chaque raethode, 
mais entre toutes les methodes ; que des phenomenes anssi profonde- 
ment differents que la viscositc des gaz, le niouvement brownien, le 
bleu du ciel, relectrisation de gouttelettes, la radioactivite, la reparti- 
tion d’cnergie dans le spectre, expriment tons la discontinuite dc la 
matiere et imposent tons les infimes grandeurs pour les elements dc 
cette matiere, rV.s/ ceia qui est la demonstration de la realite objective 
dss molecules. P?aL(^tr(' anssi troiiverez-vons qm* ces concordances 
merveilleuses donnent uii assez bon exemple des satisfactions que 
Tamour des belles choses trouve dans I’etude des sciences. 

[j. p.] 
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A New Method of Chemical AnaUjeie, 

I have had on several occasions the privilege of bringing before the 
Members of the Royal Institution some of the result^ of the ex- 
periments on the positive rays on which I have been engaged for the 
last few years. I wish this evening to draw your attention to some 
applications of these to various chemical problems. 

Tlie first application I shall consider is the use of these rays to 
determine the nature of the gases present in a vacuum tube, to show 
how they can be used to make a chemical analysis of these gases — an 
analysis which, as we shall see, will enable us to determine not merely 
whether an element, say, for example, oxygen, is present in the tube, 
but will tell us in what form it occurs, whether, for example, it is 
present in the atomic as well as the molecular condition, and whether 
there are allotropic modifications present, such as ozone, O 3 , and other 
still more complex aggregations. 

The method is as follows : the positive rays after passing through 
a fine tube in the cathode are exposed simultaneously to magnetic 
and electric forces, the magnetic field being arranged so as to produce 
a vertical deflection of Che rays, while the electric field produces a 
horizontal .defltKJtion. Thus, if when neither electric nor magnetic 
fields are present, the rays strike a screen placed at right angles to 
their direction at a point 0 , they will, when both electric and magnetic 
forces are at work, strike it at a point P, where the length of the 
vertical line P N is equal to the deflection produced by the magnetic 
field, and the horizrnt i\ line ON to that produced by the electric field. 

We know from the theory of the action of electric and magnetic 
fields on moving electrified particles, that 

PN = A ® ON = B ® „ 
mv mv^ 

where A and B are constants depending on the strength of the 
magnetic and electric fields and the geometrical data of the tub^, e is 
the charge on the particle, m its mass, and v its velocity. 

From these relations \ie see that 

m _ A* ON 
" B PN'-* 
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When these rays strike against a photogrtiphic plate, they affect the 
plate at the point against which they strike, and thus when the plate 
is developed we have a permanent record of the deflections of the rays. 
The methods of taking these photographs and the details of the ex- 
periment are described in my paper in the ‘ Philosophical Magazine,’ 
Feb. 1911. The values of A and B can be determined accurately by 
the methods I have given in previous papers, and hence if we measure 
on the pliotographs the values of 0 N and P N, we can determine 
the value of m/^. If we wish to (‘ompare the values {jimje for two dif- 
ferent rays, it is not necessary to determine A and B, all we have to 
do is to measure the values of O N and P N ; and thus the photo- 
graph alone gives us the means of comj)iiring the value of m /e. 


For the same type of ciirrier 7w/e is constant, so that 


PN’ 

ON' 


is 


constant whatever may be the velocity, and therefore the locus of P, 
i.e, the curve traced on the y)hotographic plate by this carrier, is a 
parabola. The reason we get a c.urve instead of a point is that the 
mys are not all moving with the same velocity, and the slower ones 
suffer greater deflection than the quicker ones. Each type of Ciirrior 
produces its own line on the plate, and there are as many curves 
on the plates as there are kinds of carriers ; from an inspection of 
the plates we can find not merely the number of kinds of carriers, but 
from the dimensions of the curves we can at once determine the 
atomic weight of the carrier, and thus determine its nature. This 
is one of the great advantages of this method. To illustrate this 
advantiige, let us compare the method with that of spectrum analysis. 
If the spcctroscopist observes a line unknoAvn to him in the spectrum 
of a discharge tube, the most he can dc^dnce without further investi- 
gation is that there is some unknown substance present in the tube, 
and even this would be doubtful, as the new line might be due to 
some alteration in the conditions of tlie discharge. But if we observe 
a new curve in the positive ray spectrum, all we have to do is to 
measure the curve and then we know the atonnc weight of the sub- 
stance which produced it. To take an example, I have photographed 
the yositive ray spectrum for nitrogen prepared from the atmosphere 
and that for nitrogen y)rep«ired from some nitrogenous compounds, 
and have found that the former contains a line * which is not in the 
latter, and that the value of m/(9for this lino is 40 times that for the 
atom of hydrogen. We thus know’ that atmospheric nitrogen con- 
tains an element of atomic w^eight 40, which is not present in 
chemical nitrogen — this element is, of course, argon. We might by 
ordinary sy)ectrum analysis have found lines in the spectrum of 
atmospheric nitrogen which are not in the sy)ectrum of chemical 


As a matter of fact, there is a second, very faint line for which m/c is about 
20 times that for the atom of hydrogen. This is probably due to an atom of 
argon with two eleotrio charges. 
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nitrogen, and might thus have suspected the presence of another 
element, but spectrum analysis could not tell us anything about the 
nature of this element, whereas the positive ray spectrum at once gives 
us its atomic weight. 

The positive-ray method is even more delicate than that of spec- 
trum analysis, for by it we can detect tlie presence of quantities of a 
foreign gas too minute to produce any indication in the spectro- 
scope. I have, for example, often been able to detect the presence 
of helium by this method, when no indication of its presence could 
be detected by a spectroscope. 

Again, when a line in the positive-ray spectrum can be seen, the 
atomic weight of the carrier which produces it can be determined 
with great accunicy. Though the method is only a few months old, 
it is even now sufficiently developed to determine with an accuracy 
of 1 per cent, the atomic weight of a gaseous substance, without re- 
quiring more than milligramme of the substance. Another very 
important advantage of this method is that it is not dependent 
upon the purity of the material ; if the material is impure the impurities 
merely appear as additional lines in the spectrum, and do not affect the 
parabola due to the substance under examination, and therefore produce 
no error in the determination of the atomic weight. The method 
would seem to be peculiarly suitable for the determination of the 
atomic weights not merely of the emanation from radio-active sub- 
stances, but also those of the products into which they disintegrate. 

The rays, too, are registered w ithin less than a millionth of a second 
after their formation, so that when chemical combination or decoin- 
jxisition is occurring in the tube, the method may disclose the existence 
of intermediate forms which have only a transient existence,’a^ well as 
of the final product, and may thus enable us to gain a clearer insight 
into the process of chemical combination. 

I will now show a few slides prepared from photographs we 
have taken’of the positive-ray spectra. The first is that of nitrogen 
prepared from air ; the measurements of the photograph showed that 
the atomic weights of the carrier producing these curves were as 
follows : — 


Positive. 

Negative. 

1 

1 H_ 

1 • 99 H 2 + 

11-20 C_ 

6-80 N++ 

15-2 0_ 

11-40 C+ 

, • 

13-95 N+ 


28-1 Nj^. 


39 Arg+ 


100 ^ng++ 


198 Hg+ 



The symbol denotes that the carrier is an atom of hydrogen 



LIBRARY OF SCIENCE 


187 


with one charge ; Ha+ that it is a molecule of hydrogen with one 
charge ; N++ that it is an atom of nitrogen with two charges ; and 
so on. 

With nitrogeTi from NH4NO2 the lines were as follows (the 
magnetic force was so large that some of the lines corresponding to 
the lighter particles were thrown off the plate) : — 

G-1 44-2 ('0„+ 

7-02 N++ 6r,-5 Hg;++(?) 

12-08 0+ KM) Hg++ 

14-01 X+ 20 1 IIg+ 

27-9 N 2 + 


The next slide is the positive-ray spectrnni for CO, and again the 
magnetic field is so great that the lighter carriers do not appear. 

From the measurement of tlie lines we find that the atomic weight 
of the carrier is— 


Positire. 
fi-0() 0+ + 

6-9.^ N++ 

7 9.5 ()++ 

12-02 (V 
19-9 N+ 

15-9.5 0+ 

28-0.5 00+ 

49 00 *+ 

09 - .5 ng+++ (?) verv faint 
100 llg++ 

202 Hg+ 


Negative. 

12 

10 0 + 


The spectrum for CO 2 is represented in Fig. 0 ; the atomic 
weights are : — 


5*08 C+ + 
8-00 0 ++ 
12-00 C+ 
16-00 0 + 
28-02 CO+ 


48-9 CO 2 + 
62-5 Hg+ + + 
99-0 llg+ + 
200-0 llg+ 


(?) very faint 


The spectrum of CTT 4 , of which a small region w’ith five lines 
close together is shown in Fig. 4, is interesting, because the measure- 
ment of these lines show^s that their atomic weights are 12, 18, 14, 
and 15, 16, and thus that we have here C, CH, CHa, CH 3 , CH 4 . 
If I am not mistaken, this is the first occasion when the atoms 
CH, CHj, CH 3 , have been observed in a free state. 

The spectrum of the analogous compound chloroform CHCI3 
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is represented in Pig. 7. Tlie atomic weights represented in this 
are : — 


1 

18-5 04+ 

1-5 (?) 

27-7 CO 

2 

30 -0 C4 

46- 7) CC4 

8 (?) 

6 

03 (?) fwint 

8 0++ 

81 0(^1,+ 

11 • '.) 

102 

l:V7 N+ 

!(!•() 0+ 

201 H«+ 


The cjirrier^ witli atomic weights 1*5 and :5 have not been ideii- 
tified. They are of frequent occurrence. I have h(‘re two slides, one 
of SiH4 and the other of the residual gas in tube after the air has 
been pumped out, in which they are well marked, thougli at their 
best they are only faint lines. 

Let us now consider some of the results brouglit to light b} tliese 
photographs. In the first place, they show^ that a gas throuizb which 
an electric discharge is ])as.sing is a much more complex thing than 
a collection of molecules all equal to each other. Even an elementary 
gas becomes under these circumstances a mixture of a great many 
different substiinces. Thus, to bike oxygen as an example, the 
photographs show' that when a current of clectrit‘ity pass(*s through 
it, we may have present simultaneously oxygen in tlie following 
states ; — 

1. Ordinary molecular oxygen, O^. 

2. Neutral atoms of oxygen, O. 

3. Atoms of oxygen witli 1 po^^itive charge, 0^. 

4. Atoms of oxygen with 2 positive charges, 0^^. 

5.. Atoms of oxygen with 1 negative charge, 0_. 

(5. Molecules of oxygen with 1 positive eharge, 0^^.. 

7. Ozone with a positive charge, 03^. 

8. Og with a positive charge, Og. 

And, in addition, there are free negativ(‘ eorpiiscles. Thus in the 
elementary gas there are at nine (tlie list has no claim to be 
exhaustive) sgmrate substances present when the discharge* passes 
through it. ^ch of these substances has almost certainly (liff(‘rent 
properties, possibly a characteristic spectrum. If we took any other 
gas we should find that the same thing would be true : thus in 
hydrogen w'e have H, Hj, even if we do nor ascribe 

to hydrogen the lines giving ?n/e = 1 ’5 or 3. In nitrogen we have 
N, N2, N^, carbon occurs as C^., C«, chlorine as 

Cl, CI2, C1+, Cl^^. and Cl_, mercury as Hg, Hg_,., Hg^+, aiicl pro- 
bably as Hg^^^ as there is a' very persistent line for which m/e is 
about 66. 
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Thus, whenover the electric current passes throui^li a gas, and 
probably whenever a gas is ionized, the gas becomes a mixture of 
many different substances. We can thus readily understand w^hy in 
the spectra of many elements many of the lines may be grouped 
together so as to form different scries — the principal series, the first 
co-ordinate series, and so on — and the spectrum of the discharge- 
tube regarded as the super})osition of a numbd* of different spectra 
whose relative intensities may be subject to very great variations. 
This, indeed, is just what would happen if soinc* or all of the sub- 
stances which are pr(‘S(*nt as hen th(‘ gas is in the ionized state gave 
rise to different S[)ectra. 

Another feature Avhieh I think is of great interest fiom the point 
of view of the theory of (‘hemiail combination is the occuiTence of 
particles with negative charges. Let us consider for a moment hOw 
thes(‘ an^ formed, 'rhey are formed after the jiarticles have jiassed 
through the cathode ; the path between the cathode and the photo- 
graphic ]date contains abundance of corpuscles produced by the 
ionization of the gas : a neutral particle after jiassiug through the 
cathode picks up a negjitive corpus(‘h‘ and so becomes negatively 
charged. For to occur the attraction betANccui the corpuscle and 
the neutral juirticle must be e\(*eedingly strong, for it is not a 
(iuestion of a [Kirticle at rest attracting to itself a negatively electrified 
corpus(‘le sauntering about in its neighbourhood ; in our Citse the 
neutral particle is rushing past the corpuscle with a velocity of the 
order of lb” cm. per sec. In order that the partich‘ may under these 
circumstances be able to drag the corpuscle along Avith it, the 
attniction between the two must be so great, that to move a corpuscle 
against this attraction from the surface of the particle aAvay to an 
infinite distance must reipiire an amount of work of the same order 
as that re(] Hired to communicate* to the corpuscle a A^elocity of 
10” cm. per sec. : this is ecpial to the Avork re([uired to move the 
atomic charge against a [loteiitial difference of alamt .‘1 volts, and is 
therefore comparable with the AA'ork required to dissociate some of 
the most stable chemical compounds. 

The fact, then, that some particles get iK'gatively charged shoA^^s 
that in the neutral state these particles have an exceedingly strong 
affinity for a negatively electrified particle, while the absence of a 
particular particle from the negative side shows that its affinity is 
much less, but does not inqdy that it A^anishes altogether. From Avhat 
Ave ha\"e said, it should folloAv that the more slowly the neutral pir- 
ticles are moving relatively to the corpuscles, the more easily A\'ill 
the negatively electrified systems be formed. This is confirmed in a 
very striking AA^ay by our experiments, for Avhen the discharge is 
.passing very easily through the tube, and the velocity of the neutral 
particles is relatively small, the number of uegatively electrified 
particles is very much increased ; indeed, in some cases the brightness 
of the part of the photograph corresponding to the negative particles 



Fig 1 Nitrogen from air 



FlO.4. CHCl,. 


Aa these figures are pn/ntedf the magnetic deflection 










Fia. 7. SiH^. 


f^ortzontal, the electrostatvc de/lections I'crttcal. 
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is‘H8 great as that corresponding to the positive, wherhas when the 
discharge is passing with great difficulty, and the velocity of the 
neutral particles is very high, the negative part is very faint compared 
with the positive. 

The particles which have been observed on the negative side are 
the hydrogen atom, the carbon atom, the oxygen atom, and the 
chlorine atom. The presence of the oxygen and chlorine atoms might, 
perhaps, have been expected, jxs these ate universally regarded as 
strong electro-negative elements, i.e. as elements which have a strong 
affinity for negative electricity. The presence of the hydrogen atom 
is more remarkable, for hydrogen is generally considered to be a 
strongly electro-positive element, yet on these photographs we find 
it more persistently on the negative side than any other jmrticlc : 
often when no other line on the negative side is strong enough to be 
detected, the line corresponding to the hydrogen atom is distinctly 
visible. This is all the more remarkable, because the hydrogen atom, 
being the lightest of all the particles, is moving with the greatest 
velocity relatively to the corpuscles, and therefore would, other cir- 
cumstances being the Siime, be the least likely to capture them. The 
heavier the particle, the slower is its velocity, and the greater chance 
it has of capturing the corpuscles ; the fact that heavy complicated 
particles are conspicuous by their absence on the negative side shows 
that the attraction of these for the corpuscles must be exceedingly 
small compared with that exerted by a neutral atom of hydrogen. 
It will be seen that the atom of carbon, also regarded as an electro- 
positive element, is also conspicuous on the negative side. 

On looking at the list of the particles which occur onAe negative 
side, we are struck by the fact that they are all atoms : there is not a 
molecule among then). Thus, although the curve corresponding to 
the negatively electrified hydrogen atom occurs on every plate, there 
is not a single plate which shows a tmee of a curve corresponding to 
a negatively electrified hydrogen molecule, although that corresponding 
to the positively electrified molecule is always present, and on some 
of the plates is stronger than that due to the positive hydrogen atom. 
Again, on some plates the positive oxygen molecule shows stronger 
than the oxygen atom, but on the negative side only the atom is 
visible. 

Thus neutral atoms, but not neutral molecules, can exert on the 
negative corpuscles those enormous attractions which, under the con- 
ditions of these experiments, are required to bind the corpuscles to 
these rapidly moving particles. We may compare this result with the 
properties ascribed by chemists to bodies when in the nascent con- 
dition, i.e. when^hey have only recently been liberated from chemical 
combination, and when they are likely to be partly in thd atomic 
state ; for atoms, as we have seen, exert forces on electric charges in 
their neighbourhood vastly greater than those exerted by molecules. 

We may compare the forces exerted by a neutral atom on the 
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corpuscles with those exerted by an iinelectrified piece of metal on a 
charp^ed body in its neighbourhood. In consequence of electrostatic 
induction, the charge and the metal will attract each other. This 
attraction is dependent on the electricity in the metal being able to 
move under the electric forces exerted by the charge, and to re- 
arrange itself in such a way that if the charge is positive, the 
negative electricity in the metal moves to the part of the metal 
nearest to the cliarge, while the positive electricity moves to the part 
remote from the charge. The force between the metal and the 
charge depends on the freedom of the electricity to move about in 
the metal under the action of the electric field. If the metal is 
replaced by a substance of high specific inductive capacity, like 
sulphur, in which the electricity has an a])preciahle amount of free- 
dom, though not 80 great as in a metal, the attraction, though still 
appreciable, is very much less than it was with the metal. A very 
simple experiment will illustrate this point. I have on this card- 
board disk, which is suspended from a long string, a number of 
magnets, such as are used for compasses ; if I mount the magnets on 
pivots, so that they are free to turn round, the system of magnets is 
strongly attract t*d when another magnet is hrouglit near it ; if, how- 
ever, I take the magnets off their pivots so that they arc no longer 
free to turn, the magnet exerts very little attraction upon them. 

A view of chemical combination which 1 gave some time ago in 
the ‘ Philosophical Magazine,’ and also in my Corpuscular Theory of 
Matter, suggests that there is a very close analogy between the causes 
at work in the experiment we have just made and those which in- 
duce the difference between the behaviour of atoms and molecules. 
On that theory the atom was supposed to consist of a large number 
of corpuscles arranged inside a sphere of positive electricity ; the 
corpuscles arranging themselves so as to be in equilibrium under 
their mutual repulsion and the attraction of the positive electricity. 
The configuration depends on the number of corpuscles, and the 
stiffness and stability of the system also change as the number changes. 
For some particular numbers of corpuscles the system is very rigid, 
and any movement of the corpuscles would bo strongly resisted ; 
since the movement of electricity inside the atom is brought about 
by the movement of the corpuscles, the electricity could only 
move with great difficulty inside these atoms, and they would 
therefore not be able to exert more than feeble forces on electrical 
charges outside the atom : they would therefore not enter readily 
into combination with other atoms. We may ascribe such a constitu- 
tion as this to the atoms of the inert gases, helium, argon, and neon. 
A system with one, two, or three more corpuscles than the system 
• we have just described would not be nearly so stable, and there 
would be a tendency to discard the extra corpu'jcles from the atom 
so that it might return to the more stable form. We may roughly 
picture to ourselves the atom with one extra corpuscle as consisting 


HS Vol 7 H 
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of a number of fixed corpuscles plus one which is free to move about ; 
the freedom of this corpuscle would enable the electricity in the atom 
to move about, and would endow the atom with the proMrty of 
attracting any electrical charges which might be near it. If there 
were two corpuscles in the atom more than the number required for 
the most stable form, we can picture the atom as having two cor- 
puscles free and the rest fixed. Similarly, if we had more than two 
extra corpuscles. Thus we may regard the atom as possessing 0, 1, 
2, 3 corpuscles which are able to move about with more or less 
facility, and the free corpuscles will give to the atom the power of 
exerting attractions on electrical charges to an extent which dejiends 
on both the number of corpuscles and the freedom witli which they 
can move about. On the theory to which I have alluded the number 
of these “ free ” corpuscles determines the valency of the atom. 

Now let us suppose that two sucli atoms come into such close 
connexion that the corpuscles in the one exert considerable forces 
on those in the other. The s)8tem consisting of the two atoms will 
rearrange itself so as to get into a more stable form, if necessary 
corpuscles passing from one atom to the other to enable it to do so. 
The greater stability, however, implies a loss of mobility ; the free 
corpuscles have become parts of a more stable system, and have there- 
fore lost to a greater or less extent their mobiUty. But with the 
mobility of the corpuscles goes their power of exerting forces on elec- 
trical chaises ; and thus the combination of the atoms diminishes to 
a great extent the attractions they exert outside them. Speaking 
generally, we may say that on this view the combination of atoms to 
form molecules, either of compounds or elements, lixes^orpuscles 
which were previously mobile and converts the atoms from conduc- 
tors of electricity into insulators with a small specific induction 
capacity, 

I have brought these illustrations before you with the object of 
showing that we have now methods which are capable of dealing with 
much smaller quantities of matter than the methods now u.sed by 
chemists, methods which are capable of detecting transient phases in 
the processes of chemical combination, and which I am hopeful may 
be of service in throwing light on one of the most interesting and 
mysterious problems in either physics or chemistry — the nature of 
chemical combination. 

[J. J. T.] 
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Npw OnHifiip Conipowif/s oj Nitrogpii. 

[with experimental ILLUSlHATIONb.] 

It may be stated without fear of contradiction that the most versatile 
form of elemenbil matter is nitrogen. Rivalled only l)y jn-gon and 
its associates in reluchince to bike part in chemical ai tion, its <‘ntrance 
into combination with other elements leads to interesting forms of 
activity in great profusion. Union with hydi'ogen in different pro- 
portions, for example, produces ammonia, hydrazine and hydrazoic 
acid, three highly rea(‘tive substances having chaiacteristics which 
stand in marked contrast with one another. If oxygen. be brought 
into the system, hydroxylarnine, nitrous acid and nitrici acid may be 
mentioned as typical materials capable of entering into chemical 
changes of the most diverse order. 

Organic derivatives of nitrogen, however, present an even greater 
display of individuality. Prussic acid, the alkaloids, nitro-glycerine, 
gun-cotton, celluloid, artificial musk, lyddite, indigij, the azo-dyes, 
haemoglobin and the enzymes are a few of the conspicuous nitrogen 
compounds which suggest themselves in this connection, and a survey 
of their activities w'ould justify a reference to nitrogen as 

“ An olemeut so various it seems to be 
Not one, but all Hermetic Art’s epitome.” 

It is not the occasion, how'cver, to discuss the foregoing materials, 
my present purpose being rather to deal with some new' organic deri- 
vatives of nitrogen w hich, although not associated with any important 
industrial development, nevertheless display properties of considerable 
interest to chemists. 

The extraordinary inertness of elemenbil nitrogen has been already 
mentioned, and the underlying cause of this feature is the tenacity 
with which two atoms of the substance remain in combination with 
each other. But in circumstances which will be explained later, three 
atoms of nitrogen may be brought into and maintained in combina- 
tion, the resulting complex being known as the triazo-group. It is a 
remarkable fact that although, as has just been seen, nitrogen is dis- 
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tribnted umong naturally occurring substances almost as widely as 
carbon itself, there is no recorded example of a triazo-compouud being 
obtained from natural sources. Clearly then, the union of atoms in 
the triazo-group is not among those marriages which are made in 
Heaven. 

That being the case, it becomes necessary to consider the materials 
and ])rocesses which underly the synthetical production of triazo-com- 
pounds. Proceeding from ammonia, and replai-ing one of the hydrogen 
atoms by an amino-group, diamide, or liydnizine, is produ(*ed, l)iU 
although discovered by Curtius in lSh 7 , the method by Avhich he 
prepared it is of hisioricid interest oidy, it having been left to the 
ingenuity of Raschig, as recently as 1907, to accomplisli the prodiK'- 
tion of this substfuice by a simple and ine\j)en 8 ivt‘ process. This 
consists in first replacing an atom of hydrogen in ammonia by an 
atom of chlorine, and then, by direct a(*tioii of more ammonia on the 
refiulting chloramine, replacing the halogen by an amino-group : 

NH, -h NaOCl - N 1 I,(M + XaOll. 

nh; 4- Niu^i - xii: nh„iici. 

The new process illustrates in remarkable fasbion the effeet which 
physical condition may exert 011 chemical change. Although chlora- 
mine and ammonia may act together as already sliown in a const nictivi' 
directiem, an alternativ^e, destructive course is open to them, which ih 
accelerated if the viscosity of the liepud is diminished : 

2XII3 4- - X, 4- 3 X 11 , (M. 

Thus Rcihchig was able to increase the yield of liydraziiu* hr inereasing 
the viscosity of the solution with aihlition of glue, whilst the unde- 
sirable effect, namely, liberation of nitrogen, was shown to follow the 
addition of acetone. 

Just as ammonia may be doubled on itself to produce diainide or 
hydrazine, the latter might be expected to alhnv one of its hydrogen 
atoms to be replaced by another amino group and furnish triamide, 
or triazane. This, however, has not been a(‘comphshed, and there is 
evidence to suggest that such a substance would be most unsUible. 
Whenever attempts are made to add aiioth(*r nitn^gen link to the 
chain of two atoms in hydrazine, the terminal atoms of the three- 
link chain are found to Inive combined with one another, forming an 
enclo^Jcd uHsociution or ring of atoms. Tliis is the triazo-group, and 
its simplest know'n form is the compound with hydrogen called azoi- 
raido, or hydrazoic acid, HN 3 . Tlie latter name emphasisei^ the first 
point of interest in connection witli the triazo-group. Wheri‘as the 
simpler compounds of nitrogen with hydrogen, namely, ammonia and 
hydrazine, are Ijoth strong liases, forming very stable siilts with acids, 
azoimide is a well-defined acid, forming salts with bases including 
ammonia and hydrazine themselves, the products then having com- 
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position expressed by the curious formulae, N4n4 and NgHj. Another 
salt, that with ferric iron, provides a very delicate test for hydrazoic 
acid, the red colour being noticeable in solutions containing only one 
part per million. 

Hydrazoic acid, discovered in 1890, also by Curtius, may be 
shown by experiment to follow an attempt to add another atom of 
nitrogen to hydrazine. Whilst the action of nitrous acid on am- 
monia causes both atoms of nitrogen to be liberated in elemental 
form, 

HNO, + NH,- N, + 2H A 

hydrazine is converted by the same agent into hydrazoic acid, 

UNO, + NII/NII, ^ HN3 f 211,0. 

This process, however, is not adapted to the production of hydrazoic 
acid or its salts in large quantities. Two methods are available for 
this purpose. One of these, due to W. Wislit‘eiius (1892), consists in 
passing a current of dry nitrous oxide over shallow layers of powdered 
aodamide at about 200'*, and by moans of certiiin modifications good 
yields of sodiii7M'ui.:<le may be obtained : 

NaNH.^ + N2O = NaX3 + II/). 

A later method, elaborated by Stolid and Thiele working independently 
(1908) is based on the experiment just mentioned, namely, the action 
of nitrous acid on hydrazine, but instead of using free nitrous acid, 
an ethereal nitrite, such as ethyl or amyl nitrite, is employed. These 
materials, in presence of alkali, tninsform hydrazine into sodium azide, 
the yield being excellent ; and this discovery has resulted in the 
commercial production of that salt, ^^hich may now be purclused at 
less than 40.s. per pound, 

NH,-NH, Alk-ONO + NaOEt = Alk-OIl -f- EtOIl + 11/). 

The free acid is a dangerous and disagreeable substance to manipu- 
late. When free from water, it condenses to a colourless mobile 
liquid, which boils at about the same temperature as ether (37 ) ; but 
although harmless looking, it is a frightful explosive, and recjuires 
but slightly elevated temperatures for the display of this property. 
Moreover, the vapour is extremely poisonous, and when inhaled in 
even trifling quantities causes distressing headache ; it is. in fact, a 
powerful protoplasmic poison, its activity in this direction being 
comparable with that of prussic acid. As might be expected, there- 
fore, its effect on the blood-spectrum is immediate aiul pronounced. 

To chemists, however, the most conspicuous property of hydrazoic 
acid is the resemblance it bears to the halogen ai'ids, a solution con- 
taining only one pirt per million giving a faint turbidity with silver 
nitrate. The resulting silver azoimide, in common with other hydra- 
zoic salts of heavy metals, is dangerously explosive, but the salts of 



198 


LIBRARY OF SCIENCE 


the alkali metals maj be handled without risk. The latest recruit to 
the metallic azoimides is radium azide, described by Ebler about six 
mouths ago, and utilized in attempts to prepare metallic radium, 
which appears to follow the decomposition of radium azide by heat, 
just as barium azide may be shown to yield the metal when deprived 
of nitrogen. Pursuing the analogy between the triazo-group and the 
halogen atoms, a study of the refrangibility and dispersion of light 
by organic triazo-compounds deserves attention. The following 
measurements have been carried out by Philip, and show that while 
the mean increment of refraction for an atom of bromine is 8 • 98, 
that of the triazo-group is 8*91, and whilst the atomic dispersion of 
bromine is 0*35, the increment traceable to the azoimide nucleus 
is 0*36. 



Cuntrihutlon of Ns-Oroiip to 

Refraction. 

Dispersion 

Ethyl Triazoacetate 

8-74 


Ethyl a>Triazopropionate . . 

8*87 


Ethyl iS-Triazopropionate 

8-86 


Ethyl Bistriazoacetate 

907 


Triazoethyl Alcohol .... 

8*97 


Bistriazoethane 

8-98 


Benzylazoimide 

8*85 

■h 

Contribution of N, (mean) 

8-91 

o-3Cr 

Contribution of Br 

8-93 

0*35 


Moreover,* on comparing the temperatures at which a number 
of typical triazo-compounds boil with the constants for halogen 
derivatives having similar structure, it appears that the triazo-group 
exerts an elevating effect considerably greater than that of chlorine, 
somewhat greater than that of bromine, and approximating to that 
of iodine. Furthermore, it has been shown by Philip that the intro- 
duction of a triazo-group into a molecule of acetic acid has an effect 
on the strength of the acid which is rather less than that due to a 
bromine atom and rather greater than that caused by an iodine atom. 


.. 

Dissociation Constant. 

Acetic Acid 

0*000018 

lodoaoetio Acid 

0* 00076 

Triazoacetic Acid 

000093 

Bromoaoetic Acid 

0*00188 

Chloroacetic Acid 

0*00166 

a-Triazopropionic Acid 

0*00086 

a-Bromopropionic Acid 

0*00108 
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Thus the physical evidence supports the chemical indications, and 
serves to classify the triazo-group as a complex radicle with a strong 
family resemblance to the halogens. 

Bearing this resemblance in mind, it was natural to anticipate the 
possibility of constructing a composite molecule in which the azoimide 
nucleus is united with one atom of a halogen, for example chlorine, 
just as molecular chlorine is composed of two similar atoms. Such a 
synthesis has been lately accomplished by Baschig (lt)09), by the 
interaction of hypochlorous and hydrazoic acids, 

HCIO + HN 3 = CIN 3 + H,0, 

but the union between the two components is very easily broken, 
and chloroazoiiiiide is highly explosive. 

Proceeding now to study the behaviour of the triazo-group when 
placed in an organic environment, it is necessary first to examine the 
operations by which ty])ical organic azoimides may be prepared. 
Although too numerous to be even summarised on the present 
occasion, some ^ points in connection with the changes involved 
re<iuire attention. We have seen that the action of nitrous acid on 
ammonia sets free completely the nitrogen present in both materials. 
If, instead of ammonia there is taken its benzene derivative, aniline, 
in the form of the hydrochloride, nitrogen Viecomes added to that of 
the aniline, and although it is true that the product, when heated, 
gives up all its nitrogen just as ammonium nitrite does, the inter- 
mediate compound is perfectly stable at the temperature of melting 
ice : — 

(cold) CgHj-NH,, IICI + HNO, - 

(hot) HCl 4- HNO. - C 6 ll 5-()11 + + YLCl + H.,0. 

This intermediate compound and related substances are among the 
most important, from both practical and theoretical standpoints, 
kno\Mi to cluMuists. They are called diazonium salts, and their 
discovery, with that of many remarkable changes undergone by them, 
is due to Peter Griess (1858). It is not the least illuminating feature 
of Griess’s work that the study of the diaz(.>-com pounds, underlying 
as it does the immensely valualile coal-tar colour industry, was 
pursued by its author while employed as chemist in a well-known firm 
of brewers, to whose jiarticular undertaking the work in question had 
no a])plication ; such far-sighted encouragement of apparently useless 
research for its own sake is an object lesson which is not, unhappily, 
without value even in these days. 

Fascinating as are the problems, solved and unsolved, within the 
boundaries of diazo-chemistry, it would be inappropriate to encroach 
on them this evening, but the diazo-compounds forming a natural 
stepping-stone to the triazo -derivatives, it is relevant to draw passing 
attention to one recent application of their activity. The great class 
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of artificial colouring matters known as aniline dyes depend largely, 
though by no means exclusively, upon the process known to chemists 
as “ coupling.” If an aromatic base which has been treated with 
nitrous acid is added to one which has not been so diazotizcd, com- 
bination usually takes place in such a manner that a derivative of 
azobenzene is produced, and in the factory or laboratory coupling is 
effected with aqueous solutions maintained at zero to avoid decom- 
position of the diazo-group. A class of substances recently described 
by Morgan and Micklethwait, however, make it possible to administer 
the diazo-complex in a solid form, thereby greatly facilitating a 
demonstration of the coupling process ; on mixing a few decigrams 
of toluene-/?-sulphonyl-p-phenylenediazoimide with the same quantity 
of a-naphthylamine, adding a few c.c. of pyridine, and diluting the 
solution with absolute alcohol, concentrated hydrochloric acid 
develops an intense permanganate coloration. 

We now arrive at the stage immediately preceding the organic 
tnazo-compounds. Just as hydrazine itself, when treated with 
nitrous acid gives hydrazoic acid or azoinnde, so phenylhydrazine 
\sith nitrous acid gives phenylazoimide, 

CeHs-NH-NHa + HNO2 - +2H2O. 


Its production in this way gives the first indication of its properties, 
for unlike aniline And phenylhydrazine, which are bases, phenyl- 
azoimide is a neutral substance, resembling its haloid analogues, 
chlorobenzene, bromolienzene, and iodobenzene. 

Although phenylazoimide was first brought to light by Griess 
in 1866, the subject of triazo-chemistry lay dormant until the dis- 
covery of hydrazoic acid by Curtins in 1890. Since that time the 
province has been a flourishing one, and the number of triazo- 
compoimds which have been prepared and studied by Curtins and his 
pupils constitute an imposing section of nitrogen chemistry. It is 
principally with the acid azides, substances in which the triazo group 
plays the same part as chlorine in benzoyl chloride, that the in- 
vestigations of CurtiuB have been concerned, and it is noteworthy 
that some of the earliest syntheses of polypeptides were effected by 
him simultaneously with Emil Fischer through the agency of these 
compounds ; in the subsequent development of this held, however, 
the azide process gave way to the linking up by chlorides, as adopted 
and elaborated by Fischer. The method by which Curtius prepared 
his acid azides is really an adaptation of the change by which 
hydrazoic acid iteelf is obtainable from hydrazine, namely, by the 
action of nitrous acid upon the hydrazides of the respective acids, 
and it may be stated in general terms that any derivative of azbimide 
mav be produced in this way provided the corresponding derivative 
of hydrazine is available ; but this is the case only in certain Classes 
of compounds, and the preparation of aromatic azoimides is best 
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accomplished by a process due to Noelting, which consists in adding 
sodium azide to the diazonium sulphate : 

X-Na-HSO, + NaNg = X-Ng + N, + NaHSO^. 

The remarkable instability of the diazonium azide, upon which 
this reaction depends, recalls that of the diazonium iodide, following 
which the iodine atom may be introduced into a benzenoid compound, 
and incidentally offers one more analogy between the triazo-group 
and a halogen. Moreover, resemblance to the haloid elements is 
suggested not only by this method of introducing an azoimide 
complex into the aromatic nucleus, but also by the circumstances 
attending its removal. It is well known that a chlorine atom in the 
benzene ring is so firmly attached that iL cannot be removed by hot 
caustic alkalis, but that if nitro-groups also are present in the ortho- 
and para-positions, the halogen may be removed quite easily, so that 
picryl chloride is converted into picric acid by the action of water. 
Very similar relationships prevail among the substituted azoimides of 
benzene and naphthalene, from which hydrazoic acid may be eliminated 
according to well-defined principles. 

It is now six years since we were led, at the Royal College of 
Science, to a Ltmly of the triazo-group by the accidental discovery of 
triazocamphor, a substance which displays properties in some respects 
novel, and in this connexion it gives me the greatest pleasure to 
acknowledge that the development of the subject has been in a large 
measure due to the courage and ingenuity displayed in its early 
stages by my former colleague, Dr. H. E. Flerz. The majority of 
the new materials differ from those of previous workers in belonging, 
not to the aromatic series, but to the other great class of organic 
substances, the aliphatic derivatives. It is with a study of the 
general behaviour of the triazo-group in the diverse environment 
afforded by these two classes that we have been concerned, and with 
this object have prepared azoimides of such simple types as acetalde- 
hyde, acetone, acetic acid, ethyl acetate, acetamide, ethyl alcohol, ethyl 
ether, substituted malonic acids, the unsaturated hydrocarbons ethy- 
lene and propylene, and, lastly, ethylamine. To these have been 
added certain bis tri azo-compounds, namely, those of eihane, acetic 
ester, malonic ester and acetoacetic ester. In this latter class the 
explosive character of the triazo-group has been very prominent ; for 
instance, w^hilst a drop of ethyl triazoacetate when thrown on a hot 
plate merely inflames without detonation, 1 : 2-bistriazoethane explodes 
with considerable violence ; and this property is particularly notice- 
able when both triazo-groups are attached to the same atom of carbou, 
1 : l-bistriazoethane continuing in existence only a few minutes after 
isolation, when it disappeared with a deafening explosion. Another 
characteristic feature of these materials becomes evident when their 
vapour is inhaled, the experience of pleasure in an ethereal odour 
being quickly followed by a throbbing sensation at the base of the 
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forehead often accompanied bj palpitation of the heart. Whilst, 
however, the derivatives of benzene and naphthalene usually acquire 
an odour of anise by the introduction of the triazo-complex, the 
perfume connected with such substances as the azoimides of ethyl 
acetate, ethyl alcohol, acetone, ether and acetic acid, is quite devoid 
of the anise character, and is indeed much fainter than that of the 
parent compound in each case. 

The method by which these aliphatic azoimides have been pre- 
pared is extremely simple. It depends on interaction of the cor- 
responding halogen derivative with sodium azide ; for example, 

CHg • CO • CH2CI + NaNa = CH3 • CO * C H, • N3 + NaCl, 

and appears to be almost general. The reaction has been lately 
appliea to the nitrosochlorides of pinene, dipentene, the limonenes 
and terpineols, and it has been further found that the azoimide 
complex may be exchanged for the nitroxy-group in nitrosates, such 
as those of amylene and dipentene. 

The various degrees of stability displayed by the azoimide nucleus 
is the feature which chiefly concerns chemists. Three principal types 
of decomposition may be recognized. The environment least con- 
ducive to stability betrays itself in the lil)eration of two nitrogen 
atoms in the elemental form, leaving the third atom attached to the 
carbon which originally carried all three. This is exhibited by 
triazoantipyrine, which loses nitrogen spontaneously at common 
temperatures, and passes into a bright red azo-compound. Triazo- 
acetone undergoes this change more slowly, but may be stimulated 
into activity by the catalytic effect of alkali, a property which it 
shares with triazocainphor, 

/CH*N^ /C:NH 

^c,H„<(| +N,. 

\f !0 \C 0 

Sometimes excess of alkali must be used and the temperature raised, 
as in the case of triazoacetic acid, salts of which, when thrown into 
hot caustic potash, immediately begin to liberate two-thirds of their 
nitrogen as gas. The acid azides offer further illustrations of this 
decomposition, and here the phenomenon is accompanied by a remark- 
able atomic transformation, first brought to light by Curtius, later 
studied by Schroeter and others, the denuded nitrogen atom actually 
changing places with the carbon which formerly carried the triazo- 
group, with the result that wocyanates are produced : 

XCO-Ng ^XN:C :0 + N2. 

Sometimes this alteration is explosive, as in the case of triazoacetic 
azide, Na CHg-CO Na. 
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The next class of transformation undergone by the triazo-complex 
is more moderate. It was discovered by Dimroth. and may be de- 
scribed as an unfolding of the three-atom nitrogen ring without loss 
of the element, all three atoms of which remain in the ^orm of a 
chain such as occurs in diazoaminobenzene ; triazen derivatives of 
this type are; in fact, easily obtainable by the action of alkyl magne- 
sium halides upon organic azoimides, 

OA-MgBr + Cells •N3 - Cells •N:N-N(MgBr)-CeH5. 

Although some external agency is usually necessary for this type of 
transfornuition we have found cases in which it Uikes place sponta- 
neously, For example, allylazoimide, a colourless, mobile liquid when 
freshly prepared, rapidly changes into a white crystalline solid, con- 
sisting of a diazoaraino-compound isomeric with the original material, 
whilst an attempt to prepare benzhydroximic azide led forthwith to 
its isomeric transformation product, hydroxy pheiiyltetrazole, 

OeH^-C'Cl CeH6-C:N\ 

II + NaNa = I \N + NaCl. 

FO-N nON-N/ 

More recently, the Italian chemists, Palazzo and Oliveri-Mandala, 
discovered that fulminic acid and methylcarbylamine, both highly 
unsaturated compounds, also are capable of producing this effect on 
the azoimide nucleus, converting hydrazoic acid into 1 -hydroxy tetra- 
zole and 1-methyltetrazole respectively, whilst tetrazole itself is obtain- 
able by the intenmtion of hydrazoic and prussic acids, 

IIOiNv 

lU^N 4- HN3 = I >.N. 

HNN/ 

The third class of alteration undergone by the triazo-gi’oup in- 
volves its complete elimination from the molecule in combination with 
hydrogen, its place being taken by the hydroxy-group. The simplest 
illustration of this case followed attempts to prepare triazomethyl- 
amine, Nj'CIIa’NHz, which we found could not be realised because 
derivatives of that substance display the remarkable property of libera- 
ting hydrazoic acid when treated with cold water. The same thing 
happens when triazotised carbon is associated with a halogen, triazo- 
ethylene dibroraide, for example, yielding hydrazoic and hydrobromic 
acids after a few minutes contact with ice-cold water ; for this reason 
it was not possible to realise triazoacctylene,’ the copper derivative 
of which might be expected to excel that of acetylene itself in explo- 
sibility. More generally, however, this type of decomposition re- 
quires the action of alcoholic potash for its orunpletion. 

The behaviour of the triazo-group in respect of these three classes 
of transformation is controlled by its molecular environment, but all 
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organic azoimides bave this in common, that they undergo change of 
the first type — ^namely, loss of two-thirds the azidic nitrogen, when 
treated with 80 per cent, sulphuric acid, or with various reducing 
agents. Moreover, they are all extremely sensitive to the action of 
light. As from time to time the marked analogy between the triazo- 
complex and the halogens has been emphasized, it should be mentioned 
that one complete contrast has lately been found. The halogen 
derivatives of ethylamine are known to part so readily with halogen 
hydride, that chloroethylamine and bromoethylamine cannot be 
liberated from their salts without immediately passing into di- 
CH,v 

methyl eneimine, 1 yNH, isomeric with the unknown vinylamine 

or aminoethylene. Salts of )3-triazoethylamine, on the other hand, 
behave like salts of ethylamine itself, and so stable is the resulting 
triazo-base that it may be distilled from solid potash under reduced 
pressure without loss of hydrazoic acid. 

Many disappointments have occurred in studying the triazo- 
group, and the most conspicuous one which I have to admit is the 
failure to produce hexatomic nitrogen ; in view of the resemblance 
between the complex in question and the halogens, and the associa- 
tion of two atoms of the latter in their free molecules, it was to be 
expected that a new modification of nitrogen might arise by linking 
together two triazo-radicles. Experiments with this object have 
failed, and if differently arranged efforts in the same direction are 
also barren of result, the reluctance of the two nuclei to become 
united may be regarded as. having some bearing on the question of 
the constitution and transformations of the triazo-group. ^ aid in 
the elucidation of this is, indeed, the principal purpose of the fore- 
going observations, in view of our present ignorance regarding the 
disposition in space of the atoms or groups which are associated with 
nitrogen in its organic derivatives. Such disposition or configura- 
tion is fairly well understood with respect to carbon, the original 
views of Kesmle, as developed by van 't Hoff, having stood the test 
of forty years’ unceasing experimentation, but the efforts of chemists 
to fathom the nature of combined nitrogen, and the arrangements in 
sp^ of its varying valency directions, have not been so successful. 
Nitrogen remains a Sphinx among the elements, propounding riddles 
to the inquiring chemist, although happily, unlike her prototype, she 
does not annihilate those who fail to solve them. 


[M.O. ?.] 



Friday,- May 11^, 1911. 

The Rr(Hrr Hox. Eaul Cathcakt, D.L. J.P., Vice-I^resideiit, 

in the (;hair. 

Professor R. W. Wood, LL.I)., Professor of Experimental Physics, 
.Johns Hopkins University. 

Rpi'e}U Kj'pirnnenh icith Ivvi^^ihle Light, 

By far the greater proportion of tlie discioveries which have been 
made in Natural Science iij) to the present time depend upon observa- 
tions made with the eye, either with or without the aid of optical 
instruments ' The eye is, however, sensitive to only a very small 
part of the total radiation which reaches it, and it seems not unlikely 
that, if its range could be extended, many new phenomena would 
immediately come to light. By the employment of photography and 
of instruments which detect and measure the intensity of the infra- 
red or lieat rays, much new information has been gathered, especially 
in the science of spectroscopy : but usually these methods have been 
applied only in cases whore the invisible radiations were known to be 
present. It seemed (juite ])robable that if photographic methods 
were applied to various physical phem)mena which excluded the 
action of any but invisible rays, new facts would probably be dis- 
covered. I can illustrate what 1 mean by taking two striking cases 
which were found at the very outset of the investigation, and which 
will be more fully discussed presently. 

If the finger be dipped into powdered zinc oxide and rubbed 
over a sheet of white paper, eye observation is absolutely unable 
to detect the presence of the streaks made by the white powder, 
unless it has been very thickly applied. If, however, we photo- 
graph the paper with ultra-violet light, we obtain a picture in which 
the streaks are as black as if made with powdered charcoal. This 
suggests that if we apply the proci*ss to the photography of the moon 
and planets, we have some reason to suspect that substances which 
cannot be detected visually may come out in the photo^aphs, a 
surmise which has been justified in one case at least. This and 
other similar cases will l>e taken up in detail presently. 

As an illustration of how’ the method nexy be applied to the 
investigation of various physical phenomena, we may take another 
interesting case, in which a new radiant emission from the electric 
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spark has been discovered. It was suspected that the very short 
waves discovered by Schumann, which are powerfully absorbed by 
air, might possibly render the air fluorescent, the emitted light being 
invisible, however, on account of its short-wave-length. A heavy 
spark discharge was accordingly placed behind a small disc of metal, 
which cut off all the direct light, and the surrounding region photo- 
graphed with a quartz lens, which is transparent to the ultra-violet 
rays. It was found that the air in the neighbourhood of the spark 
actually did give off actinic invisible rays, the photograph giving 
the impression of a luminous fog surrounding the metal disc. 

I will now show you an experiment which illustrates that two objects 
which cannot be distinguished under ordinarv illumination may 
appear quite different when the light which illuminates them is 
restrictea to certain regions of the spectrum. I have here two pieces 
of scarlet silk which cannot be distinguished the one from the other 
in the light of the incandescent electric lamps which illuminate this 
room. I now extinguish the lamps and place the two pieces of silk 
under this Cooper-Hewitt mercury arc lamp, and as you see one of 
them still appears scarlet as before, while the other appears very dark 
blue, almost black, in fact. The peculiarity of the mercury lamp lies 
in the fact that it gives out little or no red light, consequently red 
objects in general appear almost black. The peculiarity of this 
pifticular piece of silk, by virtue of which it appears quite as red as 
in ordinary lights, lies in the fact that the red dye with which it is 
coloured is fluorescent under the action of the green rays from the 
lamp : the red light is manufactured, so to speak, from the green 
light by the colouring matter of the silk. If I place the arc lamp 
and the piece of silk behind this large sheet of red glasflTyou will 
observe that the fabric is actually brighter than the lamp itself, 
probably eight or ten times as bright. We can form an image of the 
lamp om the silk with a lens, and the image will be many times 
brighter than the lamp, which might be taken as a refutation of the 
old and well-known theorem in optics that no optical system can 
yield an image brighter than the source (!) Here is another piece 
of white silk upon which I have made some red spots with this same 
dye. By the ordinary illumination of the room it is seen to be white, 
with large pink polka dots, something quite suitable for a young lady’s 
summer gowm ! I now place it behind the red screen under the 
mercury arc and it at once becomes quite diabolical in appearance, 
bluish-black with flaming spots of scarlet, entirely unsuitable for the 
aforementioned purpose. The dye which was used for colouring 
these fluorescent fabrics was rhodamin. The conditions of illu|nina^ 
tion and observation are, of course, rather special in these case^, and 
I have introduced them merely to illustrate how the eye m^y be 
deceived under certain conditions. 

Practically all sources of light in ordinary use give out more or 
less ultra-violet light which plays no part in vision, but which can be 
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rendered apparent in various ways. I have on the table a new 
arrangement by which these rays can be separated from the visible 
ones. The apparatus is practically identical with the device quite 
recently used by Professor Rubens and myself for isolating the 
longest heat waves that have been discovered up to the present time. 
It can be used as well for the isolation of the ultra-violet, since its 
action depends upon the high refractive index which quartz has for 
these two types of radiation. The source is, in this case, an electric 
spark contained in this box, and the ultra-violet rays are brought to 
a focus upon a small circular aperture in a cardboard screen. The 
focal length of the lens is so much greater for visible light that these 
rays do not come to a focus at all, but are spread over a circular area 
of a diameter nearly half that of the lens. 

A penny has been fastened to the centre of the lens with wax, and 
this shields the aperture from the cone of visible rays coming from 
the central portions of the lens. If I hold a sheet of white paper 
above the aperture you observe that it remains dark, that is, no visible 
rays pass through to the paper; if, however, I substitute for the 
paper this mass of uranium nitrate crystals, the presence of the 
ultra-violet mys is made manifest, the crystals shining with a brilliant 
green light. 

Certain vapours shine \\ith a brilliant light when exposed to these 
invisible ravs. One of the most striking is the vapour of metallic 
mercury, which I can show you by boiling the metal in this flask of 
fused quartz placed above the aperture. The metal is boiling now, 
and you can all see the brilliant cone of green light which marks the 
path of the ultra-violet rays through the metallic vapour. If I hold 
a thin sheet of glass between the aperture and the flask you will 
observe that the vapour instantly becomes dark, for the glass stops 
completely the rays in question. 

The vapour of mercury exhibits an absorption band in the ultra- 
violet region which resembles the band at wave-length shown 
by dense sodium vapour. So powerful is this absorption that I have 
detected it in the vapour of mercury at room temperature. It oc- 
curred to me that this light instead of being absorbed might possibly 
be re-emitted by the vapour laterally in all directions. To test this 
point I sealed up a drop of mercury in an exhausted flask of quartz, 
and focused the light of the mercury arc (burning in a silica tube) 
at the centre of the bulb, which was not heated. The bulb was then 
photographed with a quartz lens, and the picture clearly shr>wed the 
cone of focused rays precisely as if the bulb were flUed with smoke. 
This is another very good example of how new discoveries may be 
made by ultra-violet photography. 

If tne object to be photographed gives off visible rays in addition 
to the invisible ones, it is necessary to remove these by a suitable 
screen or ray filter. We will begin by considering some remarkable 
effects which are obtained when sunlit landscapes are photographed 



2o8 


LIBRARY OF SCIENCE 



Fia. 1. Park in Fwhicncb. 
Photographed by infra-red rays. 



LIBRARY OF SCIENCE 


209 







Fig 2 Quarry in Syracuse 
photographed by infra-red rays 
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by means of the obscure rays at the extreme red end of the spectrum. 
A screen can be prepared which transmits these rays, and is at the 
same time opaque to all other radiations, by combining a sheet of the 
densest blue coWt glass with a solution of bichromate of potash or 
some suitable orange dye. 

Such a screen transmits a region of the sp^trum comprised 
between wave-lengths 6900 and 7500. Though this region is visible 
to the eye if all other rays are cut ofif, it is so feeble in its action that 
it plays no part in ordinary vision, ^ing overpowered by the other 
radiations. We may thence, for convenience, call photographs made 
through such a screen infra-red pictures, though the infra-red, region 
is usually considered as beginning at the point where all action upon 
the human retina ceases. 

The photographs which I am now going to show you were taken 
through such a screen, with the spectrum plates made by Wratten and 
Wainwright. The time of exposure was about three minutes in full 
sunlight, with the lens stop set at //8. The views were, for the 
most part, made in Sicily and Italy, and have a very curious appear- 
ance, for while the sky comes out in all of them almost as black as 
midnight, the foliage of the trees and the grass come out snow white. 
This peculiar effect results from the failure of the atmosphere to 
scatter these long rays. The green leaves, however, reflect them very 
powerfully, or more correctly, transmit them, since we are dealing 
with pigment or transmission colour. If we look at a landscape 
through the screen, carefully protecting the eye from all extraneous 
light with a black cloth, we shall find that the trees shine with a 
b^utiful rich red light against a black sky. This condition obtains 
only on very clear days, for the presence of the least haze’lti the air 
enables it to scatter the long rays, and you will notice that in those 
pictures which show the sky down to the horizon, there is a pro- 
gressive increase in its luminosity as we pass from the zenith down- 
wards, as*a result of the greater thickness of the mass of air sending 
the scattered rays to the camera. 

Another point to be noticed is the intense blackness of the 
shadows in the infra-red pictures, due to the fact that most of the 
light comes directly from the sun and little or none from the sky, 
which /eminds one forcibly of the conditions which obtain on the 
moon, where there is no atmosphere at all to form a luminous sky. 

When we come to the subject of photographs made with ultra- 
violet light, we shall find that we have the conditions reversed, for 
practically all of these very short waves are scattered by the atmo- 
sphere, and we have no shadows even in full sunlight. 

We will now run through the series of infra-red pictures as lapidly 
as possible, for I have a considerable number of them. Tl^e one 
which is on the screen is one of the finest in the collection (Fig. 1). It 
was made in the park at Florence, and shows the long drive, over- 
shadowed by trees, the one in the foreground being particularly fine 
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in appearance. The next one (Fig. 2) was made at the bottom of 
one of the old quarries or latomim at Syracuse, the view looking out 
through a cave-fike formation at a group of almond trees, with which 
the quarry is overgrown. 

Here is a fine row of cypresses growing by an old gate, taken on 
a somewliat hazy day, with the sky appearing a little lighter than 
usual. Some of the pictures show the advantage gained in bringing 
out the detail of distant objects seen through the atmospheric haze, 
and it does not seem impossible that photographs of wie brighter 
planets made through an infra-red screen might prove interesting if 
the planets are surrounded by a light scattering atmosphere, for we 
must bear in mind chat the surface of the earth, as seen from a neigh- 
bouring planet, would be seen through a luminous haze, equal in 
brilliance to the blue sky on a clear day — that is, it would present 
much the same appearance as is presented by the moon when seen at 
noon-day. 

We will now look into the question of how things would appear if 
our eyes were sensitive only to ultra-violet light. In applying the 
same method which we have used for the infra-red, we require a 
screen which opaque to all visible light, but which transmits the 
ultra-violet. 

Glass is opaque to these rays, cutting them off almost completely, 
and for this reason we cannot employ glass Jenses. Quartz, on the 
other hand, is exceedingly transparent to these invisible rays, but it 
is a little difficult to find a medium which is transparent to them and 
at the same time quite opaque to visible light. Indeed, there is only 
one substance known which completely fulfils such a condition, 
namely, metallic silver. If we deposit chemically a thin film of 
metallic silver on the surface of a quartz lens, a certain amount of 
ultra-violet radiation between 8000 and 8200 is able to struggle 
through and form an image on the plate. 

I have used silver films through which the filament of a tungsten 
lamp is invisible. The best thickness is that at which the tungsten 
lamp is just barely discernible. If the objects to be photogmphed 
are illuminated with the light of an electric spark, or some other 
source rich in ultra-violet rays, much thinner films of silver can be 
employed, but in the case of sunlight, which has passed through the 
earth’s atmosphere, the ultra-violet in the region for which silver has 
its lowest refiecting power and greatest transparency has been so 
tremendously weakened by atmospheric absorption, that it is necessary 
to employ thick films and long exposures, otherwise the action upon 
the photographic plate results chiefly from the violet and ultra-violet 
rays, whitm are capable of traversing glass. 

As an illustration of the behaviour of silver films of different 
thicknesses, used as ray filters, we may take some pictures which were 
made for the purpose of studying the reflecting power of various 
metals, suitable for telescope mirrors, for ultra-violet photography. 




Visible Light. 


Fig. 4» 


Ultra-Violet Light. 
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As silver reflects only about 4 per cent, of the ultra-violet in the 
spectrum range for which it is transparent, a silvered glass reflecting 
telescope for this purpose is obviously out of the question. Speculum 
metal is fairly suitable, but speculum mirrors of large size are trouble- 
some, and difficult to procure. I accordingly worked out a method 
of depositing nickel on glass. The glass is first silvered, and then 
electro-plated with nickel, by a process which I have described 
recently in the Astrophysical Journal (Dec. 1911). The double 
sulphate of nickel and ammonia is used with one or two dry cells. 
The solution must be very dilute (10 grams or less to the litre), 
otherwise the nickel strips the silver from the glass. We have here 
four pictures of a silvered glass dish, partially plated with nickel 
(Fig. 8). The silvered portion is marked Ag, the nickel Ni, while at G 
we have a spot of clear glass from which the metal has been removed. 
The dish stands against a flat plate of polished speculum metal Sp, 
and the metal surfaces reflect the light of the sky to the camera. 
The first picture was made by blue and violet light without any ray 
filter, and as you see the glass surface (1 is quite black, while the 
silver reflects much more powerfully than the nickel. The following 
three picture'^ made with a quartz lens, coated with silver films 
of increasing thickness. The silver and nickel reflect to about the 
same depce in the second picture, in the third the silver is much 
darker than the nickel, while in the fourth the silver is seen to reflect 
DO more than the spot of clear glass G. Tin’s last was made through 
a film, through which a tungsten lamp was invisible. If these ultra- 
violet rays were visible to us, metallic silver w^ould appear to have 
about the same reflecting power and appearance as anthracite coal. 

We will next take up the action of our atmosphere on these ultra- 
violet rays. I have taken two photographs of a man standing in the 
road in full sunshine, in the one case In ordinary light and in the 
other by ultra-violet radiation. In the latter the shadow is com- 
pletely absent. T^ltra-violet beliaves in exactly the opposite way to 
the infra-red. Tlie infra-red rays are enabled to drive tbroui'-b the 
atmosphere without lieing scattered laterally by the molecules of the 
air or the dust pirticles. The short or ultra-violet rays, on the other 
hand, are completely scattered, so that the greater part of the ultra- 
violet light which reaches the surface of the earth comes from the sky 
and not directly from the sun. If our eyes were sensitive only to 
ultra-violet we should find the world appearing not greatly different 
from the aspect which obtiiins at the time of Tight fog. We should, 
indeed, see the sun, but it would be very dull, and there would be no 
shadows, just as there are none on a foggy day. We should walk the 
earth like Peter Sohlemoil, the shadow less man of the German fable. 

The next picture (Fig. 4) illustrates the opacity of ordinary wdndow - 
glass to ultra-violet radiation. It will be noticed that tliere is no trace 
of the landscape seen through the glass window, although it is clearly 
rendered in the compinion picture taken with visible light. Another 
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difference to be noted in these pictures is that the flowers in the 
^den, which are white in the picture taken with visible light, 
disapi]^ entirely in the picture taken by means of the ultra-violet 
radiation. * The white gaiden flowers become almost black as is shown 
in Fig. 5, which shows white phlox photographed by visible and 
ultra-violet light. It occurred to me that tms ability of the white 
flowers to ab^rb the ultra-violet rays might play some economic part 
in the growth of the plant. I therefore experimented with some 
flowers which had been grown under glass, and had thus been 
deprived of ultra-violet, but I was unable to find any marked differ- 
ence between those which had been grown in the open and others 
which had been deprived of their fuU quota of this r^ation. It is 
possible that if the experiments were carried on through the course 
of a number of generations we should find a difference. I have 
found, however, that all white flowers are not equally dark when 
photographed with ultra-violet light. White geraniums, for example, 
come out much lighter than common white phlox, which is practically 
black when photographed through the silvered quartz lens. 

In order to demonstrate the difference in the appearance of one of 
the common pigments when viewed respectively with visible light and 
with ultra-violet radiation, some letters were painted in Chinese white 
on a page of a magazine. In the photograph (Fig. 6) taken with visible 
light the Chinese white appears as white as the paper itself, if not 
indeed whiter ; but, photographed with the ultra-violet radiation, it 
comes out absolutely black. One may say that what is Chinese white 
in visible light be^mes Japan black in ultra-violet. Under this 
radiation also black printer's ink becomes lighter than in visible light. 
This failure in the reflecting capacity of Chinese white is apsource of 
some annoyance in reproducing drawings executed in part in this 
medium, as has been pointed out by Mr. A. J. Newton. In working 
with my Chinese white I made a mistake in one letter in the word 
“appears,-’ and carefully wiped it out, leaving no trace of the cor- 
rection discernible in visible light ; but when the photograph was 
made with the ultra-violet, the erasure, otherwise invisible, showed as 
a black smudge. The ultra-violet camera is evidently very much 
more sensitive than the eye to the presence of traces of Chinese white 
on the printed page, for so far as I could see every particle of the 
pigment had been removed. Whether this has any bearing upon the 
detection of forgeries has yet to be discovered. 

Another class of work in which this comparative study is likely to 
be of service is the photography of celestial bodies. For the full 
moon the exposure through the silver screen was two minuteb with 
ultra-violet light belonging to the region ;5000 to 8200. This Jength 
of exposure necessitated an equatori^ telescope with some mdans of 
driving it to compensate for the moon’s movement. The support for 
my telescope was the framework of an old bicycle minus the Wheels. 
This carried a 4-inch refractor and a quartz-silver telescope, and by the 
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operation of a little screw it was possible to follow the moon accu- 
rately for half an hour. It will be seen at once (Fig. 7) that there is 
veiy little difference between the ordinary image of the moon and the 
one which is shown us by the ultra-violet radiation. Nevertlieless, in 
the neighbourhood of Aristarchus, which is the brightest crater on 
the lunar surface, the photograph taken with the ultra-violet rays 
shows a dark patch which is absent on the one taken with visible 
light. I made an enlargement of the region in which this crater 
appears, and it is evident that there is in its neighbourhood a large 
deposit of some material which can only be brought out by means of 
the ultra-violet. These photographs of the moon make it appear 
extremely prolttble that by carrying on experiments of this nature on 
a larger scale we might get a good deal of new information as to the 
materials of which the moon is composed. It is possible to examine 
the igneous rocks of the earth under the different radiations, and then 
compare them with the pictures of celestial objects obtained at the 
same wave-lengths. I have found tliat some rocks, which \^hen 
illuminated by ultra-violet rays appear darker than others, are lighter 
than the others in visible light. 


Note ad(M October 1911. 

[I have had constructed a IG-inch mirror of 26 -feet focus 
which I have coated with nickel, for extending the study of the 
ultra-violet photography of the moon and planets. This is now 
being used in combination with a plate of the new ultra-violet 
glass, 12 cm. square and 1 mm. thick, heavily silvered, 'ifhe plate 
was made by Zeiss, and I find that it is quite as transparent as quartz 
for the rays transmitted by the silver filter. This reflector was 
mounted on the 28-inch equatorial of Princeton University, and 
some very fair pictures have been obtained, thoi^h the moon’s 
motion in declination could not be followed with sufficient accuracy 
to secure the best results. Fig. 7 shows two views of the region 
around Aristarchus (indicated by an arrow), one made with yellow, 
the other with ultra-violet light. The dark deposit to the right of 
the brighi ei*ater comes out very clearly in the latter. The markings 
to the right of this region are quite different in the two pictures. 
Immediately below the pictures of the moon are three photographs 
made of two samples of volcanic “ tuff ” arranged one upon the other, 
with the crater Aristarchus marked with white chalk (as a check 
upon the exposure). The left-hand picture was made with Vellow 
light, and the central specimen is lighter than the one surrounding 
it The right-hand one was made with ultra-violet, and shoirs the 
central specimen distinctly darker. The middle picture was 'taken 
with violet light, which shows the two specimens of very nearly the 
same luminosity. I made an analysis of the fragment of tuff which 
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photogi-aphod dni’k in ultra-violet light, and found that it contained 
iron and traces of sulphur. Photographs of rocks stained with iron 
oxide did not show the required peculiarity, and I accordingly attri- 
buted the result to the sulphur. A light deposit of sulphur was 
formed on the surface of a piece of light-grey rock by directing a 
fine jet of sulphur vapour against it. Tbe deposit was so slight that 
absolutely no trace of it could be detected by the eye. The specimen 
was then photographed with yellow, violet, and ultra-violet light, and 
it was found that the deposit was quite invisible in the first picture, 
faintly visible in the second, and quite black in the third — precisely 
the peculiarity shown by the deposit suiTounding the crater Aris- 
tarchus. Fig. a, h, r, show the gradual appearance of the deposit, 
which is an oval spot iu the centre of the specimen. I feel inclined, 
therefore, to attribute this spot to an extensive deposit of sulphur, 
resulting from vapour ejected from the crater. The shape and 
vast extent of the deposit has always suggested to me that it resulted 
from material driven out in a volcanic blast.] 

Returning now from the moon to the physical laboratory, we will 
consider a further phenomenon which has been discovered and studied 
by means of photography in the ultm-violet region. The vapour of 
mercury has an absorption-band in this region at wave-length 2o36, 
which 1 have made the subject of a somewhat extended investigation. 
At low pressures the line is very narrow, resembling one of the D 
lines of sodium, and T have detected its presence in mercury vapour 
at room temperature, by employing a tube 8 metres long closed with 
quartz plates. It occurred to me that this vapour might prove to 
be the substance which I have long sought for the study of what I 
have named resonance radiation, i.e. a re-emissicn of light by absorb- 
ing molecules, of precisely the same wave-length as that of the light 
absorbed. Sodium vapour was found to exhibit the phenomenon, but 
the experimental difficulties were so great that very little was accom- 
plished. A small box was made of brass and square plates of (|uartz. 
The inside Wiis varnished and blackened with soot, a drop of mercury 
introduced and the box exliausted. The camera with its quartz 
objective was now trained on the box, and a beam of light from a 
mercury lamp (quartz) focused at the centre of the box. Though the 
eye could see no trace of the cone of rays, the photograph brought it 
out as distinctly as if the box was full of smoke. An exposure of only 
one second was necessary, and with a ten-second exposure the spectrum 
of the light scattered by the vapour was secured. It was found to 
consist of a single line only (the 2536 line), though the light entering 
the box was the total radiation of the mercury arc, the spectrum of 
which contiiined hundreds of lines. The pressure of the mercury 
vapour was about O’ 001 min., in other words, pressure 

of the air iu the room. It seems most extraordinary that a vapour 
at such a very low pressure and at the temperature of the room should 
glow so brilliantly witli invisible light. A little fiuther experiment- 
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ing resulted iu a further discovery. It was found that if tbe box 
was filled with air at atmospheric pressure, the cone of rays glowed 
feebly in the mercury vapour with which the air was saturated. As 
the pressure was reduced the glow increased in brilliancy, reaching 
its maximum at a pressure of about 5 mm. As the exhaustion was 
pushed further the mercury vapour outside of the cone becdine 
luminous, and at the highest vacuum attainable the glow filled the 
entire box. This is secondary resonance radiation excited by the 
primary radiation of the mercury vapour, which is excited by the 
cone of focused rays. The brilliancy of the cone remained about 
the same, so that we cannot attribute the burating out of this 
secondary fluorescence to a mere increase in tlie brilliancy of tbe 
directly excited vapour. 

Experiments are now iu progress to determine why the presence of 
a few millimetres of air destroys all trace of tbe secondary radiation. 
Photographs of the glowin<» vapour in air at pressures of h mm., 
1 mm., and 0 are reproduced in Fig. 8, d, p,/. 

If we put the drop of mercury in a small flask with very thick 
walls, exhaust the air, and seal the neck of the flask with the oxy- 
hydrogen flame, we are in a position to study this interesting type 
of radiation in mercury vapour at high pressures. I found that as 
the temperature of the flasK was raised the radiation came from a 
region nearer and nearer the front surface which was illuminated 
by the rays from the lamp, and tliat when the pressure was abt)ut 
ten atmospheres the ray from the lamp, which had a wave-lengtli of 
2536, was selecth ely reflecte‘d from the surface of the vapour, pn‘- 
cisely as if the inner surface of the bulb were plated with silver. 
The other rays passed through the bulb with their usual facility. I 
am at the present time engaged in the study of just how^he change 
from the resonance radiation (which is scattered in all directions) to 
the regular reflection takes place, a matter of great interest in con- 
nection with the theory of ab.'^orption and reflection. As a matter of 
fact, I expect it to turn out that the mercury light does not absorb the 
light at all, for experiments indurate that the lateral emission of the 
ultra-violet light is about as bright as when white paper is used to 
scatter the light. 

Another interesting line of investigation which I have recently 
carried out illustrates how new discoveries may be made by the aid 
of ultra-violet photography. It occurred to me that the air sur- 
rounding an electric spark might possibly be rendered fluorescent by 
the absorption of the very short ultra-violet waves discovered by 
Schumann, but that the fluorescence might be made up wholly of 


ultra-violet light, and consequently invisible. I therefore photo- 
graphed the region surrounding a powerful spark discharge’ with a 

S rtz lens, shielded from the direct light of the spark by a Circular 
. The photograph, when developed, show^ed a highly lultninous 
aureole surrounding tbe spark and extending out in all directions to 
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a distance of nearly 2 cm. It was now necessary to prove that this 
was not light scattered by the dust particles in the air. To do this 
we have only to photograph the spectrum of the aureole. If it is 
similar to the spectrum of the spark, we are safe in attributing it to 
scattered light. If it differs we know that it must be fluorescence, or 
the genesis of waves of different wave-length from any present in the 
light of the spark. A photograph of the region surrounding the 
spark was made with a quartz spectrograph, and it was at once found 
that the spectrum was wholly different from that of the spark — in fact 
it was almost identical with that of the oxy-hydrogen flame. For the 
further study of the phenomenon, a piece of apparatus was devised 
by which the light of the spark could be more effectually shut off. 
A small hole was bored through a plate of aluminium fastened to the 
end of a short vertical brass tube. This plate formed one electrode, 
the spark passing between an aluminium rod lying along the axis of 
the tube and the under side of the plate at the point perforated by 
the hole. 

In a perfectly dark room, if the eye was held a little below the 
plane of the plate, no luminosity could be seen in the air above the 
hole, if it was reasonably free from dust, yet a photograph taken with 
a quartz lens showed a bright beam, or squirt, of hght issuing from 
the hole. A photograph of the phenomenon is here shown, and you 
will notice the strong resemblance which it bears to a comet. (Fig. 8,-7). 

Many weeks have been spent in an attempt to determine the 
exact origin of this radiation, and the question has proved to be the 
most baffling one which I have ever attempted to solve. The work 
is still in progress, and many remarkable observations have been 
made, each one leaving us more in the dark than before. As an illustra- 
tion I may mention a circumstance discovered by Dr. Hemsalech and 
myself last winter in Paris. We found that if a jet of air was blown 
through the squirt of hght the luminosity was destroyed in the 
region traversed by the moving current of air, but was of un- 
diminished intensity both above and below this region. This makes 
it seem as if the emanation which comes from the spark, and which 
causes the luminosity of the air, must act for a brief time upon the 
air in order to cause the luminosity. It also shows that the emana- 
tion, whatever may be its nature, is not swept aside by the air current. 
We have also found that other gases become luminous when sub- 
jected to the spark emanations, the spectrum in each case being 
different and peculiar to the gas used, electrolytic hydrogen, for 
example, giving a strong luminosity. 

It is thus apparent that by employing this “ photographic eye ” of 
quartz many new phenomena may be brought to light which have 
previously hidden themselves behind the limitations of the human 
eye. A study of the absorption by the candle-flame of ultra-violet 
has also been made. In this case the light emitted by the candle 
falls out of the problem, for its flame emits litile or no ultra-violet. 
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I can show 70a a photograph of the shadow cast by a flame of this 
description, and you will observe that the shadow is blackest at the 
point where the flame is brightest, that is, at the point where the 
minute carbon particles, which, by their incandescence, cause the 
luminosity, are being set free from the hydrocarbon vapour. 

There are other questions which can doubtless be investigated to 
advantage by means of ultra-violet photography. It is well known, 
for example, that the amount of ultra-violet hgot emitted by a body 
increases with the temperature. By photographing groups of stars 
through the quartz silver filter, and comparing the photometric 
intensities of the images obtained in this way with the intensities 
as shown on a plate made by means of yellow light, valuable data 
might be obtained. This method is merely an extension of one 
already in use at the Harvard Observatory. 

[R.W.W.] 
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Fullerian Professor of Chemistry, R.I. 

Heat Problems. 

[abstbact.] 

The approach to the absolute zero has rendered the problem of the 
determination of extremely low temperatures a very -important one. 
Within certain limits resistance thermometers or thermo-couples 
give satisfactorr results ; but now that a temperature within dr of 
the absolute zero hag been attained, other methods must bo- resorted 
to, and the only reliable one is by the measurement of changes at 
constant volume due to temperature in the pressure of a gas under 
less than one-third of an atmosphere. The limits of temperature 
measurable by this method vary with different gases ; helium, for 
example, giving accurate records to within 3° of tiie absolute zero. 

Gas Thermometers. 

A gas thermometer for lecture illustration is shown in Fig. 1. 
A is a copper sphere of a capacity of about 100 c.c., filled with pure 
hydrogen at a pressure of 278 mm., while immersed in melting 
ice. The free space, which is the volume of the uncooled narrow 
tubes required for connection to the manometer, is in this case so 
small that it may be neglected. A is placed in a metallic vacuum 
vessel B, containing liquid oxygen, and connected by a thick-walled 
narrow lead tulie to a mercury manometer C. The apparatus is 
mounted on a movable frame D, so that the height can be ad- 
justed for projection of the mercury levels. The change of pressure 
due to cooling the hydrogen in A is shown by the alteration in 
the levels of the mercury in the manometer. Liquid oxygen re- 
duces the pressure to 90 mm., corresponding to 90'" Abs., and if the 
liquid is exhausted through E, a pressure of 65 mm. is obtained ; 
i.e. the temperature of the sphere is now 65° Abs., because with this 
' sphere filled as described the difference of mp»*^ury-levels in milli- 
metres is practically equal to the temperature ol the sphere in 
degrees absolute. 
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The lowest temperatures which can be attained with various 
cooling agents are of considerable interest, (xaj Lussac showed that 
it was possible to freeze mercury by the evaporation of ice, and the 
experiment, arranged for projection on a screen, can be performed 
in the following manner (Fig. 2). A flat glass bulb. A, contain- 



ing the mercury, is supported on a quill tube in the flask C, con- 
taining sulphuric acid. This vessel is connected through a side tube 
in the neck by means of a 3-way cock I) to an exhaust pump, and a 
bulb of charcoal E. At each end of A some strands of wet cotton 
wool are fastened. The charcoal having b eii cooled in liquid 
air, the exhaust pump is turned on to C for a short time ; and the 
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charcoal is then brought into play by a quarter turn of D. The 
conseauent reduction of pressure on the ice in the cotton wool on A, 
and merefore of its temperature^ is such that in two minutes the 
merc^ at each end of the tube freezes, the centre portion remain- 
ing liquid ; in four minutes the mercury becomes solid, which may 
be seen when the bulb is rotated. By this method a temperature of 
- 70® C. can be reached. Experiments made with various bodies as 
cooling agents give the following limits of temperature : — 

Table n.— L imits of Tbmpebatubb attainable with various 
OooLiNO Agents. 


Solid 

Absolute Tempera- 
ture attainable. 
Deg. 

Pressure m 
mm. of Hg. 

Fraction of 

T. 

loe .... 

203 

0001 

0-32 

GO, . . 

182 

0 63 

0 43 

0 . . . . 

51 

0 19 

0 33 

N . . . . 

37 

0 7 


H . . 

9 

0 59 

0 29 

Helium 

1*8 

0 26 

0 33 


0 4 

— 

““ 


In this table X is a hypothetical body as volatile compared to 
helium, as helium is to hydrogen. W ith the aid of such a substance it 
may be inferred that a temperature of within of the absolute zero 


D 



should be reached^^ It will be seen from the table that the tei^pem- 
ture attained was almost invariably the same fraction of the critical 
temperatnre of the body, a fact which further emphasizes the 
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importance of the critical point. Other relations between the pro- 
perties of a body and its critical constants are of interest, and are 
given in the following table : — 


Table HI. — Cqrresponuinq Temperature Relations. 


Liquid coefficient of expansion varies 

as 1/Tc 

Liquid coefficient of compressibility 

varies as ... . 1 /Pc 

Liquid internal latent heat varies as Tc 
Capillary constant varies as . Pc 

Gas inversion point varies as . Tc 

Volume of gas molecule varies as Tc/Pc 

Maximum density varies as density at Tc 

The vaporization of ice at - C. can be 


demonstrated by the apparatus shown in Fig. 3. 
A is a small bulb packed in solid CO^, tilled 
with ice in the form of frozen water-saturated 
cotton wool, >^hich gives a large surface. This 
vessel is connected to the U-tube B immersed 
in liquid air. The tube and the bulb are highly 
exhausted by. «n air pump connected at the 3-way 
cock U, and then by charcoal C cooled in liquid air. 
The deposit is first seen in the form of a ring 
in the limb of the U-tube nearest the bulb A. 
Vaporization is very slow, and takes almost an 
hour before the deposit is sufficient to be easily 
visible. 

With gas theruiometera working under small 
gas pressure reliable results can be obtained, 
provided the differences in the height of the 
mercury columns are read by means of a catheto- 
meter, and proper precautions taken in filling 
with the gas. A simple form of gas thermometer 
with the volume of the bulb assmall as 5 or 6 c.c. 
is shown in Fig. 4. In small apparatus, where a 
more bulky instrument could not be used, this 
form works in a satisfactory way, giving readings 
within 0’5“. when filled with helium or hydrogen 
under an initial pressure of 278 mm. at the 
melting-point of ice. The following diagram 
(Fig. 5) shows the type of the graphical curves 

S iven by such thermometers ; exhibiting a slight 
eviation from the theoretical straight line con- 



Fig. 4. 


necting absolute temperature and pressure. The various substances 
used in the calibration of such thermometers are marked on the 


curves. The deviations from the theorei.’cal line are much ex- 


aggerated in the diagram. They are due to the variation in the 
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volume of the free space in different thermometers. Thus, if P 
and p are pressure readings of the manometer at T" and 27tS“ Abs. 

P P P'i 1 

respectively, then T'* = 273 - ^ where c is a constant 

p c 



varying inverselj as the ratio of the volume of the cii])iJIarv to that 
of the bulb of the thermometer. Helium under a pressure of 278 mm. 
may l)e regarded as reliable as low as 3° Abs. If the pressure be 
reduced to 27*3 mm. at 273% the limit of temperature i> about I'' *7 

Insulation by Powdkrr. 

In all low temperature work heat isolation is of the utmost 
importance. The double-walled glass vacuum flasks now so gene- 
rally used for this purpose were first exhibited on this Lecture 
Table nineteen years ago. The efficiency of these vessels is much 





exhaust. B is of tlie ordinary unsilvered variety ; A and C con- 
tain powdered charcoal and silica respectively in the annular space. 
The three tubes are fitted with glass delivery-tubes leading through 
rubber corks to a glass tank 1) filled with coloured ^\ater, con- 
taining three uniform collecting-tubes, E, F, G. Tlie evaporated 
air from A, B, is delivered simultaneously into these collecting- 
tubes. In about five seconds F, connected with the plain tube B, 
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is almost full of air. The rate of evaporation from the three tubes 
may be judged by the relative volumes of air in E, F, G, the 
proportion found being about 2:10: 8. While the manufacture of 
vacuum vessels is restricted to glass, probably no increased efficiency 
will be obtained by the use of powders as isolating agents, but if such 
flasks were made of fused silica the method might have considerable 
advantages. Silica flasks would withstand very high temperatures, 
which would, however, render the use of silver as a reflecting sur- 
face an impossibility; although nickel might be used. If such a 
flask could be made quite impervious to gases, which is extremely 
doubtful, it would be especially suitable for the isolation of red hot 
bodies. 

Liquid Air and Hydrogen Drops. 

In a Friday Evening Discourse on “ Liquid Hydrogen Calori- 
metry,” * the mode of manipulation of liquid gases for calonmetncal 



Fig. 7. 


A shows the simple construction which can be used with the 
instrument made in quartz ; if glass is used as in B, then a spiral 
has to be sealed m the exit tube, to take up the contraction caused 
by cooling to low temperatures. 

experiments was discussed. One fact which renders this simple 
method of calorimetry more difficult than it appears is the mobility 


Proc. Roy. Inst., xvii. p. 681 . 
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of liquid air, and more especially of licjuid hydrogen. When any 
solid is dropped into such caloiimeters violent ebullition ensues, and 
either can be carried over with the evaporating gas, in the form of 
fine drops or spray, into the collecting jar, and so falsify the results. 
The possibility of this can be proved by showing that drops of liquid 
air will letain their state through a fall of from 30 ft. to 100 ft. in air. 
To illustrate this, special dropping pipettes were supported from the 
ceiling of the Lecture Room. The construction of the nozzle is shown 



A 


Fio. 8 


B 


in Fig. 7 ; it is filled with a wad of tightly packed cotton-wool, pierced 
with a coarse needle. By exercising a slight pressure on the liquid 
air above— a screw clip on a short length of rubber tube serves for 
this— the rate of dropping is easily regulated. Larger drops are 
obtained when a pin with a round glass head replaces the needle. 
The drops fall on a wet blackened board, and the impact is plainly 
audible and made visible by the surface of the board being otecured 
by a white mist as the drops rapidly evaporate. Such drops pass 
through a soap-bubble without bursting it. Hydrogen is remarkable 
in this respect, as the surface tension of liquid hydrogen is only 
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one-seventh that of liquid air, and its density one-fifteenth, while 
its temperature is only 20° Abs., i.e. one-fourth that of liquid air ; 
still, small drops of the liquid are easily traceable through a fall of 
8 feet, by the trail of frozen air caused by their passage. The forma- 
tion of the liquid hydrogen drops requires a special form of silvered 
glass siphon (Fig. 8, A). The siphon is connected to a large 
silvered vacuum vessel containing the liquid hydrogen, fitted with a 
screw-cock for regulating the pressure, which controls the rate of 
dropping. The nozzle contains a loosely packed wad of wool, and 
to prevent fouling by condensation of air, it is surrounded by a 
piece of glass tube 4 inches long and IJ inch in diameter, drawn out 
below to J inch, thus preserving an atmosphere of hydrogen about 
the nozzle. When the drops of liquid hydrogen are started, a succes- 
sion of tiny vortex rings of frozen air are visible from the nozzle to 
the floor as they fall gently through the air. If the siphon be fitted 
to a vacuum vessel about 18 inches long (Fig. 8, B), so that the drops 
can fall on some liquid air previously placed in the vessel, a cloud of 
solid air quickly rises from the surface, rapidly settling again when 
the drops are shut off. If a slow rate of dropping is maintained, the 
liquid hydrogen drops are easily seen, producing little jets of con- 
densed vapour as they dart rapidly about in the spheroidal state on 
the surface of the liquid air. 


Liquid Aiu Calorimeter. 

Vacuum jacketed vessels have led to the construction a simple 
form of gas calorimeter for the measurement of specific heats. The 
lecture form of the apparatus (Fig. 9) consists of a silvered vacuum 
vessel A containing liquid oxygen, fitted with an air-tight cap ; a 
small delivery-tube B leads to an inverted gas jar C. The cap has a 
central vertical tube closed by a rubber cork D. A is supported in 
a metal vacuum pot E containing liquid air. An aluminium cup F 
rests on asbestos wool in the bottom of A. Normally there is 
no evaporation from A, but if a fragment of the substance of 
which it is desired to ascertain the specific heat, is dropped into F by 
momentarily removing D, a quantity of liquid oxygen is evaporated 
as gas, collected in C, and the amount measured, from which the 
specific heat of the body can be calculated. A sphere of lead, of 
weight proportional to its atomic weight, is taken as a standard, this 
element maintaining a nearly constant atomic heat, following the 
law of Dulong and Petit, for a considerable range of ternpei’ature. 
Pieces of carbon, aluminium, copper and bismuth, in atomic propor- 
tion to the lead sphere, all Uberate smaller quantities of gas, especi- 
ally carbon, where the value is found to be much below the aVerage. 
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In all instances, however, the atomic heats of the elements fall below 
the normal value as the absolute zero is approached. 

The mean specific heats of a few substances, for temperatures 




Fig 9. 


ranging from 20“ to 80“ Abs., made with the liquid hydrogen calori- 
meter, are given in the following table : — 


Table IV — Mean Atomic Specific Heats between 20 Deg. 
AND 80 Deg. Absolute. 


Diamond . 0-05 

Graphito . 0*17 

Magnesium , . .’ . . . . 1*71 

Aluminium . . 1*12 

Ice (molecule) . . 1*94 


At the mean temperature of 50“ Abs. it will be seen that the 
diamond has. a very small specific heat, and all the other bodies in 
Table IV show a considerable decrease as compared with determina- 
tions made at ordinary temperatures. The theoretical curve of the 
change of atomic specific heat due to temperature on Einstein’s theory, 
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is shown (Fig. 10). The problem of specific heats has been exten- 
sively studied by Nemst, wno has shown that they would probably 
disappear before the absolute zero is reached. This result has ^ven 
rise to various theoretical speculations as to its cause, and in ad 
probabilitv the solution will be found in the development of ' the 
electron theory. At the temperature of boiling helium Eamerlingh 
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Fig. 10. 

Onnes has found that the electrical rcBistance of gold, mercury, 
and platinum vauish. Thua, pure metals lose both specific heat 
and electrical resistance below 4* Abs., suggesting that in this as yet 
unexplored region existing theories fail. The properties of matter 
at the absolute zero remains a purely speculative problem. 


[J.D.] 




Friday, February 9, 191::^. 

Sir William (Brookes, O.M. LL.D. D.Sc. F.R.S., Honorary 
Secretary and Vice-President, in the Chair. 

John Allen Marker, Esq., D.Sc. F.R.S. 

Very High Temperatures, 

[abridged.] 

Exactly a century a^o this month Michael Faraday entered the 
Royal Institution for the first time. He was then a youth of twenty, 
in the last year of his apprenticcvship to a bookbinder in Blandford 
Street. Among the meagre records we possess of Faraday’s early 
life we find the following ; — 

“I had good fortune, through the kindness of Mr. Dance, 
who was a customer in my master’s shop and also a member of the 
Royal Institution, to hoar four of the lust lectures of Sir Humphry 
Davy in that lociility. The dates of these lectures were Feb. 29, 
March 14, April 8 and 10, 1812.” It was Faraday’s habit to occupy 
the seat in the gallery over the clock. He made very full notes of 
the lectures, and afterwards wrote them up, indexed and bound them 
with his own hands into a volume of dOO pages, which is now pre- 
served at the Royal Institution. 

Some months later Faraday wTites : “ Under the encouragement 
of Mr. Dance I wrote to Sir llumphry Davy, sending, as a proof of 
my earnestness, the notes I had taken of his last four lectures. The 
reply was immediate, kind and favourable.” 

In March I8l;i, apparently largely on the strength of the impres- 
sion made upon Davy by this (volume of notes, Faraday was engaged 
as assistant in the laboratory of the Royal Institution au a salary of 
255. a week, with two rooms at the top of the house. 

The first lecture of Davy’s course referred to was on “ Radiant 
Matter,” and dealt, among other things, with the action of electric 
sparks on gases. Ever since Volta’s discovery in 1800 Davy had 
been occupied wdth the study of the pile and the effect of the new 
currents in producing heat and chemical change, thus leading up to 
his decomposition of the fixed alkalis and the isolation of potassium 
in 1807. 

Following on this discovery, Davy proposed that a fund “should 
be raised by subscription for tne constructioi^ of a large and powerful 
battyery, worthy of a national establishment, and capable of promoting 
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the great objects of science, and that this battery 
be erected in the laboratory of the Royal 
Institution.” The sum required, a little over 
£500, was soon got together, and at the con- 
cluding lecture of the 1812 season the battery 
was put in action for the first time. We read 
in Davy’s “ Elements of Chemical Philosophy,” 
iv. p. 110, an account of how he applied the 
battery to the running of an electric “ arch ” 
between two carbon rods. Parts of Davy’s 
battery are still preserved at the Royal Institu- 
tion. 

I begin my lecture thus, merely to emphasize 
once more the truth of the adage of 3000 years 
ago : “ There is no new thing under the sun.” 

In 1012, when considering the subject of 
“ very high temperatures,” we can claim, com- 
piratively speaking, to be capable of little more 
than Davy accomplished a century ago. In bis 
arc he melted all the most infusible materials 
known to him, including lime and majjnesia, 
which are among the most refractory materials 
in use at the present day. 

Turning now from the historic to the present 
aspect of our subject, permit me to begin with 
a few elementary considerations as to our con- 
ception of temperature. I think I correct 
in saying that everyone has some idea in his 
own mind of a temperature-scale, a kind of 
intuition which is generally a fairly useful one 
for pnicticiil purposes. Probably I am not 
exaggerating wdien I say that even men of 
science, who always think for their professional 
purposes of temperatures on the Centigrade 
scale, find themselves obliged to convert to 
Fahrenheit for an idea of the temperature of a 
room or of a summer’s da\ . 

I have endeavoured to give a graphic repre- 
sentation (Fig. 1) of the temperature scale as 
we know it, both in Centigrade and Fahrenheit 
degrees. You will notice the smallness of the 
interval between the extreme temperature that 
prevail in the arctics and the tiopics ; and how 
restricted the “ eold ” region down to absolute 
zero is compared with the possibilities in the 
other direction. While, on the one hand, 
Kanimerlingh Dimes by the evaporation of 
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liquid helium under low pressure has succeeded in getting during the 
last few weeks to within 1*1° C. of absolute zero, the highest recorded 
terrestrial temperature — that of an electric arc under high pressure — 
falls short of the sun’s estimated temperature by some 2000® C. 

Some landmarks in our available i*ange of temperature are given 
in Table I. It may be remarked that the three substances last quoted 
ill the table are all in extensive use for electric lamp filaments. 


Table 1. — Various Temperatures. 


Absolute zero . 

Helium boils (0*2 mm.) 

,, ,, (760 mm.) 

Hydrogen boils 
Oxygen boils 
Carbonic acid boils . 
Mercury freezes 
Water freezes. 

Water boils . 

Tin melts 
Lead melts 
Mercury boils. 

Zinc melts 

boils . 

Aluminium melts . 
Common salt melts 
Zinc boils 
Silver molts . 

Gold melts 
Copper melts . 

Cast-iron melts 
Pure iron melts 
Fire bricks soften . 
Silica softens . 

Platinum melts 
Silver boils 
Tin boils 
Copper boils . 

Lime and magnesia melt 
Iron boils 
Tantalum melts 
Tungsten melts 
Carbon melts . 


about 


about 


Dec, C. 
-273 
-272 
-269 
-253 
-183 

- 78 

- 39 

0 

100 

232 

327 

357 

419 

445 

657 

801 

918 

961 

1062 

1083 

1100 

1500 

1400-1800 

1500-1600 

1750 

1950 

2270 

2310 

2400 

2450 

2900 

3000 


Table II. gives exanijiles of various flame temperatures, which 
we have at our disposjil. 

Table II. 


Temperatures attainable tn : — 

Bunsen burner flame . 

M6ker burner flame . 

Petrol blow-lamp flame 
Oxy-hydrogen flame . 
Oxy-acetylene flame . 
Thermit .... 
Electric arc 

Electric arc (under pressure) 
Sun 


Deg. C. 
1100-1350 
1450-1500 
1500-1600 
about 2000 
„ 2400 

„ 2500 

„ 3600 

„ 3600 

„ 5500 
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Some of the methods for measuring temperature with their 
limitations are briefly recapitulated in Table I have only time to 
refer to one or two points. We have recently had the opportunity at 
the National Physical Laboratory of subjecting a number of mercury 
in silica thermometers to a critical examination. These thermometem 
which are made in England, possess in a high degree the qualities of 
constancy, large range, and such complete freedom for temporary zero 
change that I feel safe in prophesying they will inevitably replace the 
present International standards, which are made of verre dur. 

Table 3 — Some Indication op the Present Range op Temperature 
Measuring Instruments. 



Range in Degrees C. 

Metbud 





I'rai tical I 

1 

Extreme 

Expansion thermometers — 



Gas thermometer 

Up to 1200” 

1 -272” to 1550° 

Mercury in glass 

. - 39” „ 600° 

- 44® „ 576° 

Mercury m silica 

. - 39 „ 600^ 

- 44 ° „ 700” 

Electrical thermometers — 


1 

Platinum resistance 
Thermocouples : 

. - 100 ° „ 1100 

-250° „ 1400° 

— platinum aUoys 

— base metals 

300" „ 1400 

1 Up „ 1750° 

. -100” „ 1100” 

1 -250° „ 1200® 

Total radiation pyrometers 

500° „ 1400° 

1 No upper limit 

Optical pyrometers 

600° „ 3500° 

j No upper limit 


In regard to high temperatures most of us rely to some extent on 
colour in estimating temperature. Table 4 gives a very fair notion 
of the temperature we may reasonably associate with the colour of a 


Table 4, — Temperature and Colour op a Fire. 


Colour 


“ Grey,” lowest discernible temp. 
Very dull red 

Dull red .... 

Cherry red .... 

Orange .... 

White .... 

Dazzling white 


Cent, 1 

Fahr. 

About 460° 

About 850° 

.. 800° 

„ 950° 

„ 700° 

„ 1300° 

1 „ 900° 

„ 1660 

i .> 1100° 

„ 2000° 

1 1300" , 

„ 2400° 

1 Above 1500° 

1 1 

Above 2760° 


fire or muffle furnace (experiment shown). The intensity of the 
lignt varies according to well-known laws which have been studied 
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up to sun’s temperature. If we know the law of variation we can 
measure the tempemture by the use of some kind of photometer — 
which is what all optical pyrometers are. 

For obtaining really high temperatures electric furnaces are our 
only resort. Small gas furnaces can reach 1600** with difficulty ; 
large industrial furnaces attain 1800" C. in some instances. 

Mr. Cook, of Manchester, has kindly lent me for this occasion a 
number of electric furnaces. These are constructed by winding tubes 
of fire clay or alumina with nichrome or platinum wire : the external 
lagging is of kieselguhr. Steady tenipemtures up to about 1000" 
and 1200" C. respectively can readily be got with power from a com- 
mercial circuit of 100 or 200 volts. With thicker wires and current 
at lower voltage these upper limits can be appreciably extended. 

For higher temperatures we have to make use of carbon or 
graphite, and electric heating wan first applied by such means in the 
form of the arc furnace. Such a furnace has many inconveniences — 
the heating is intensely local, and there may, for example, be a 
gradient of 2000" C. in a single inch. There is practically no tem- 
perature control, and there is every possibility of the final product 
becoming ln'*^^ly contaminated with Ciirbon. Most of the early 
isolated so-called elements have since proved to be largely carbides. 

Resistance heating is usually muen more convenient, and this is 
the principle of carbon-tube furnaces, some essential features of which 
were employed by Prof. Dewar many years ago. They will stand 
rough use, and are much more controllable than the arc furnace. It 
is as easy to control a temperature of 2500" C. as one of a red heat. 

Such furnaces usually have their end-terminals water-cooled, and 
are surrounded by lagging of lamp-black or charcoal. 

The furnace tubes are either straight if made of carbon (Fig. 2), 
or spiral if made of Acheson graphite (Fig. 3). In the latter case 
they are provided with an internal liner-tube of carbon. There is no 
special difficulty in cutting the spirals from the solid ; graphite, un- 
like amorphous carbon, is an extremely tractable substance to machine. 

We have used these ctirbon resistance furnaces a great deal at the 
National Physical Laboratory, and Mr. Greenwood, at Manchester, 
carried out his experiments on boiling metals by the aid of such a 
furnace. The boiling of a metal (snown) forms a not-impossible 
lecture experiment, and a projected image of the surface of boiling 
tin displays all the usual phenomena of ^ullition. The heating up 
of carbon is somewhat strikingly shown by passing a heavy current 
through a thin broad carbon strip provided with water-cooled ter- 
minals (experiment shown). The stream lines of heat flowing from one 
terminal to the other are well illustrated at one stage of the heating. 

Among other methods of electric heating are the induction furnace, 
which is of great value in refining crude materials, and the flame 
spark, in which it is possible to volatilize as refractory a substance as 
an incandescent gas mantle. 
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Some time ago we endeavoured at the National Physical Labora- 
tory to make a furnace for very high temperatures without employ- 
ing carbon. The introduction of the Nernst lamp waa suggestive. 
It was found that a great number of substances could be made to 
act like a Nernst filament, e.g. a piece of the stem of a churchwarden 
pipe, if sufficiently strongly heated, can be made to conduct electricit} 
well enough to become incandescent. Carborundum crystal behaves 
similarly, and requires no initial heating (experiment shown) ; in tins 




Pig. 2.— Small Model Straight Caebon-Tdbe Furnace. 


case the temperature can be raised high enough to volatilize off the 
silicon, which burns, forming a cloud of silica. A cascade furnace 
was constructed on these lines : a tube made up of zirconia and a 
little yttria was raised by means of an insulated nickel winding to 
500“ or 600“, at which temperature the tube conducts sufficiently 
well to enable a heating current to be passed through it. There is 
no difficulty in melting platinum, for example, in such a furnace 
using a quite small heating current (about 2 amps.) A zirconia 
tube from such a furnace was taken out after it had been run for six 



LIBRARY OF SCIENCE 


241 


months or so ; it was then found to be quite translucent. The 
possibility of constructing in such a way refractory gas-tight mate- 
rials at once suggested itself, and we proceeded to manufacture 
“ pottery ” at high temperatures. Great difficulties have been en- 
countered in the experiments. Whereas, for example, the potter in 
baking his wares at temperatures up to 1300“ C. looks for a shrink- 
age of 5 per cent, or so, we were confronted with a shrinkage of 
37 per cent. For the purposes of the fritting we employed carbon- 
tube furnaces of one of the types mentioned above. Now it some- 
times happened that the outer surface of the zirconia tubes, instead 




Fio# 3.— Carbon-Tube Furnace with Graphite Spiral Heaier. 


of having the white and hard appearance of the rest, was found to 
be carburised and crumbly after baking. The action was not merely 
superficial, but extended to an appreciable depth. On the other hand 
the inner surface of the tube, though freely open to the furnace 
atmosphere, was much less affected. The blackening occurred to a 
much less extent if the tube was shielded. It seemed as though 
particles, possibly electrified, were shot off from the carbon walls of 
the furnace across a space of some 5 or more mms. into the material 
of the refractory tubes. Dr. G. W. C. Kaye and I were led to 
investigate the cause of these phenomena, and yesterday we gave an 
account of some of the results to the Royal Society. I propose to 
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devote the remainder of my lecture to a description of the methods 
employed and the results obtained in what proved to be a very 
interesting investigation. 

Many experiments have been conducted, notably by Prof. O. W. 
Richardson, on the corpuscular emission of electricity from carbon at 



Pio. 4. — Relation between Ionization Cubbent and Applied Potentials 
FOB A 1 CM. Gap between the Elsctbodbb. 

very low pressure!^ but scarceljr anything is recorded for pltessures 
approaching atmospheric. Positive ions and material particles are 
also discharged by carbon, as well as by hot metals, at suitable tem- 
peratures and pressures. 

It is to be understood that in all the experiments now to be 
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described the pressure remained atmospheric, and alternating current 
was employed for heating. Access of air to the interior of the 
furnace was prevented by windows at each end, perforated as 
required. 

In the early experiments we inserted within the carbon furnace 
tube two insulated carbon electrodes, one of them being hollow, so 
that a Siemens optical jiyrometer could be sighted through it. The 
two electrodes were joined externally to an ammeter and a battery of 
cells (see Fig. 2), and wc proceeded to determine current-voltage 

Afn|3eres Lo?.Amf)eres 



Fia. 5. — The Fuu. Line Curve shows a Reuatton between Ionization 
Current and Temi'erature, fob an Applied Potential of 2 Volts 
ON A 1 CAi. Gap between ihe Electrodes Tho dotted straight line is 
plotted from the log. of the current and the temperature. 

curves at various furnace temperatures. Some of these curves are 
shown in Fig. 4 for an electrode gap of 1 cm. No appreciable current 
could be detected below 1400” C. with applied potentials up to 8 volts, 
but as the temperature rose the current rapidly increased until at 
2500" or more currents up to 10 amperes were recordcnl. At the 
lower temperatures the currents soon attain what appear to be 
saturation values. At higher temperatures there is a linear relation 
between potential and current. As the length of the gap increased 
the current diminished at a regular rate ; but the decrease was small. 
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Fig. 6 exemplifies the exponential relation between temperature 
and current for a 1 cm. gap and an applied potential of 2 volts. The 
dotted straight line was plotted to axes of temperature and logarithm 
of current. 

The magnitude of the currents made it evident that in spite of 
the high pressure the atmosphere of the furnace was ionized to an 
unusud degree at high temperatures, and we were led to investigate 
the effect of temperature alone. The battery was accordingly cut out 
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Pig. 6.— Relation between Ionization Current and Time with a 
Steadily Rising Temperature. The “cold” electrode was water- 
cooled ; the hot electrode was of new carbon. No potential was applied. 


and one of the two carbon electrodes was mounted on a sliding 
carriage so that it could, at will, be moved in or out of the hot part 
of the furnace, i.e. away from the fixed electrode or back towards it. 
The movable electrode would thus be temporarily cooler than the 
fixed electrode wHch remained steadily in the furnace. The ^meter 
in the circuit indigated a current which amounted to 2 milliamperes 
at 1400*" and nearly 2 amperes at 2500° ; the cooler electrdde was 
the positive one. ^e currents died away when the two electrodes 
attained the same temperature. 
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The production of an alternating current of very low frequency 
ifl thus rendered possible by the use of some periodic device. In one 
form of the experiment (shown) the movable electrode is attached 
to a crank which, rotated slowly by clockwork, performs tlie necessary 
displacement of the electrode within the furnace. The ionization 
currents produced are sufficient to make a nest of small glow-lamps 
light up brilliantly, the illumination waxing and waning as the mov- 
able electrode moves in and out. 
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Pia. 7 .— Relation between Ionization Current and Time for Two 
New Carbon Electrodes, one Hot, the other Water-Cooled. 
No potential was applied. The temperature was rising for the first fifty 
minutes, and was afterwards steady. 


We have been able to repeat some of these results with furnaces 
of a noTi-cleotric character. 

In a further series of oxpcrinients, various modifications were 
introduced. The two electrodes were replaced by two co-axial tubes 
which were mounted within the furnace. The central smaller tube 
was of brass, through which a rapid current of water was sent ; this 
formed the “ cold ” electrode. The surrounding larger tube of carbon 
constituted the hot electrode, and received its heat from the furnace. 
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The electrodes were insulated as before, and into the annular space 
between them hydrogen or nitrogen was continually passed. No 
potential was applied, and the currents we obtained with a steadily 
rising temperature and a new ctirbon electrode are shown in Fig. 6. 
It will be seen that there was first a small “ positive ” current (which 
would l)e produced by positive ions crossing from the liot to the cold 
electrode), which soon changed into a much larger “ negative ” current 
(in the usual direction) ; the intensity of the latter dropped, and 
then showed a ])rogressive increase with tem])erature. On taking 
down the apparatus we found that the brass tube w'as coated over 
most of its length with a thick and coherent deposit of carbon which 
had evidently crossed over from the hot electrode. Towards one c*nd 
the deposit was rarer and whitish — presumably silica. We associate 
the maximum negative current of Fig. 6 with the passage of silicon 
and other impurities, which are volatilized at about 2000“ C. out of 
the csirbon electrode. On a second heating neither positive rays nor 
a negative maximum were detected, but the ionization current increased 
steadily with temperature. The transference of carbon from the hot 
electrode to the cold may prove to be a complete explanation, not 
only of the contamination phenomena which gave rise to these experi- 
ments, but also of the comparatively large accompanying currents. 

Fig, 7 illustrates the results obtained when steps had be(‘n taken 
to increase the difference of temperature between the liot and cold 
electroiles. The carbon was new, and the negative maximum again 
appears. After\>ards the furnace temperature was steadied, and the 
ionization current also kept steady in consequence. It will be noticed 
that we were now' dealing with currents amounting to large fractions 
of an ampere, and the experiments may fairly be regaaled as pro- 
viding a novel means of generating electricity. Their direct bear- 
ing on the problems of the electric arc and the carbon filament lamp 
is obvious, and we are* continuing the research with a view to eluci- 
dating the many underlying phenomena. 


[J. A. H.] 
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Frederick Soddy, Esq., M.A. F.R.S. 

The. Origin of Radium, 

The philosophical explanation of radioactivity arose out of some very 
simple chemical observations on the nature of the radioactive process. 
The apparently permanent and constant radioactivity of radioactive 
sul)stances in general consists of two parts. One part cannot, as a 
rule, be vseparated from the substance, whilst another part is readily 
separated ly'maa) ordinary chemical and physical operations. The 
latter part is often the larger part of the whole radioactivity, but it 
is associated frequently with a practically inlinitesimal proportion of 
the material. Naturally, the first explanation to present itself was 
the ordinary one that the radioactive substance is not homogeneous, 
but consists of a mixture of more than one radio-element. In this 
way ]Mme. Curie accounted for her analysis of the radioactivity of 
pitch-blende, and the separation from the preponderating radioactive 
constituent, uranium, of new radio-elements in minute amount, to 
which the names radium, polonium, and actinium were given. Simi- 
larly, Sir William Crookes, who separated by chemical methods the 
)S-activity of uranium compounds, tjave the name uranium X to the 
constituent responsible for this activity. 

In a chemical examination of the radioactivity of thorium com- 
pounds ten years ago. Professor Rutherford and I found that one 
poition of the activity was separable from the thorium by chemical 
methods, and to the constituent responsible for this separable activity 
the name thorium X was given. Then an astonishing observation was 
made. Unlike any other chemical separation which had hitherto 
been carried out, it was found that thorium, after having been deprived 
of thorium AT by simple chemical processes, spontaneously regenerated 
this constituent with lapse of time. After a month s interval from 
the se partition a new quantity of thorium X could be obtained froni 
the thorium, the activity of which was as great as that obtained in 
the first separation. In the same interval the activity of the thorium X 
first separated completely decayed, according to an exponential law. 
This continuous regeneration of the constituents responsible for the 
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separable portion of the radioactivity was found to occur not only with 
thorium, but also with radium and with uranium. If a chemist 
observed that after a substance had been separated from impurities 
these impurities made their appearance again with the lapse of time, 
he would scarcely credit his observations. If such observations were 
confirmed and shown to be the invariable consequence, impurities 
after chemical separation being regenerated with lapse of time, the 
view that the elements were the ultimate unchanging constituents of 
matter would be undermined. The theory of atomic disintegration 
was founded on facts of this simple chemical nature, and not, as has 
sometimes been asserted, on any mathematical or physical theories as 
to the nature of the atoms of matter. The question immediately 
arose whether over long periods of time the intensely radioactive con- 
stituents separated from uranium minerals were being regenerated by 
the disintegration of one or more of the other elements in these 
minerals ; and this question, as regards radium, forms the subject of 
the lecture. 

The law of radioactive change is the simplest possible expression 
of what has been termed by chemists Mass Action, and has been 
familiar to them as “ the law of mono-molecular reaction ” since the 
classical researches of Wilhelmy in 1850, and of Harcourt and Esson 
in 1865. The “velocity” of the change, that is the quantity changing 
in the unit of time, is always some definite fraction, signified by the 
symbol A, and known as the radioactive constant, of the amount re- 
maining unchanged. The period of average life of the changing 
atom is the reciprocal of this radioactive constant, that is 1/A. The 
peculiarities of radioactive changes depend upon the fact that 
frequently several successive changes occur in series, a substtince A 
changing at a definite speed according to the law stated and forming 
a product B, which changes according to the same law but at its own 
peculiar rate, forming 'the product U, and so on. All through, the 
number of atoms, of any one member of the series, changing in a 
given time is the number of atoms of the next product formed, the 
general differential equation being 

where P and Q are the quantities of any two successive members in 
the series and Ap and Aq, their radioactive constants. 

The machine exhibited (Fig. 1), of which a full description will 
be published separately, is designed to illustrate radioactive change, 
even in some of its more complicated cases, and to draw the graphs 
connecting the quantity of the I'adioactive substance with the lapse 
of time, when the substance in question is the first, second, third, or, 
in certain cases, the fourth product of the successive changes. It con- 
sists of three separate units, one of which is sketched in Fig. The 
height of the nut on its screw represents the quantity of the radio- 
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Pig. 1. 
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active substance in question. This height is magnified and communi- 
cated by pulleys and cords to a crayon-holder moving vertically over 



Fig. 2. 


a paper roller geaied to the main shaft, the paper moving horizontally 
in a vertical plane. The rubber- tyred nut is constantly being turned 
down on the screw by a rough cone, driven at constant speed from 
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the main shaft, which presses against it. The rate at which it moves 
downward is always proportional to the height of the nut above the 
point of the cone, that is to the quantity of subsUnce remaining un- 
changed. If the screw does not turn, the nut descends exponentially 
with the time, illustrating the exponential decay of activity of a 
single radioactive substance when left to itself. On the other hand 
if the 8crpu) is now turned at constant speed in the direction to screw 
the nut up, the nut mounts according to the usual law of the re- 
generation of a radioactive constituent after it has been separated, 
to the height such that it is turned down by the cone as fast as it is 
turned up by the screw. At this point it is in equilibrium, precisely 
analogous to radioactive equilibrium, and does not move however 
long the machine is driven. The rubber-tyred nut communicaies its 
turns by means of a roller and gear-wheels to the screw of the next 
unit above, in accordance with the remiireinent that the quantity 
of one member changing is tlie sixme as that of the next member pro- 
duced. Thus the fall of the nut by virtue of the cone turning it and 
screwing it down represents - Aq Q ; the rise of the nut, by virtue 
of the screw turning and screwing the nut up, represents -f Ap P of 
the general differential equation. The various radioactive constants 
are imitated \v'y coarsely, by using screws with threads of different 
pitch ; (2) finely, by varying the speed of the driving cone with refer- 
ei^ce to that of the main shaft by a suitable arrangement. 

To imitate the frequent case where the period of the radioactive 
substance is infinitely long compared to the time of the experiment, 
the rubber-tyred disc may be arranged, by undoing a lock-nut, to 
“ free w^heel ’’ without turning the nut. This then corresponds to a 
screw of infinitely tine pitch, or to a radioactive substance of in- 
finitely long period. The numerous cases of radioactive change dis- 
cussed in the lecture were imitated by graphs drawn by the machine. 

In addition to offering a consistent explanation of all the known 
facts that had been accumulated in radioactivity, the theory of 
atomic disintegration suggested a large number of new puddems. 
Only two of these original proldems remain not yet completely 
answered. One had to do with the nature of the ultimate product or 
products of the disiutegration of the atoms of the twu primary 
elements, uranium and thorium. This problem may be likened to 
the task of trying to find a meteor after its flight, when its energy is 
spent and nothing but the matter remains. Much indirect evidence 
points to lead as the final product of uranium, although no direct 
proof has lieen obtained, whereas for the case of thorium there 
IS still no hint of the answer. The other had reference to the 
origin of radium. This element in the intensity 1 of its activity, and, 
therefore, in the rapidity of its disintegration, resembles the short- 
lived active constituents uranium X and thorium whilst in the 
apparent permanence of its activity it resemL! s the primary radio- 
elements. Even the first rough estimates indicated that the period of 
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average life of radium was not greater than a few thousand years. The 
present estimate, due to Rutherford, is 2500 years. A few thousand 
years hence the radium in existence to-day will for the most part 
have disintegrated. Very little of the radium in existence at the 
time the Pyramids were being built can still exist. Hence arose 
one of the most interesting and crucial of the problems of atomic 
disintegration. Does the regeneration of radioactive constituents, 
observed in the cases where the ^riod is short compared to the span 
of human life, apply also to radium — to an elpraent, that is, with a 
definite spectrum, atomic weight and chemical character, filling a 
vacant place in the periodic system, and forming one of a family of 
common elements ? After the separation of radium from a mineral 
does the non-radium part of the mineral grow a fresh crop with lapse 
of time, the quantity present before separation being the balance or 
equilibrium quantity when the rate of production is equal to the rate 
of supply ? A somewhat similar prediction made with reference to 
the production of another well-defined element, helium, in the radio- 
active process had only to be tested, as it was first in by 

Sir William Ramsay and myself, to be proved correct. The (jucstion, 
however, of the origin of radium is still, in spite of many discoveries, 
not entirely solved. 

At first sight the experimental trial of the view appeared easy. 
This problem is not analogous to the finding of a meteor after its 
flight is spent. The quantities of radium which can i)e detected and 
recognized unequivocally by radioactive methods are thousands of 
times smaller than can be detected even by the spectroscopi', sensitive 
as the spectroscopic test of radium is. The first product of the dis- 
integration of radium is a gas, the radium emanation, and the test 
for radium consists in sealing up a solution of the subSbuK'c for a 
month, then boiling the solution in a current of air, and introducing 
this air into the electroscope. For the instrument employed and 
showft (Fig. 7), a millionth of a milligram of radium would be ratlier 
an undesirably large quantity, whilst a few hundredths of this amount 
is the best suited for accurate measurement. Tlie volume of radium 
emanation, measured at N.T.P., obtiiinable from one gram of radium 
is only 0*6 cubic millimetre. If a thousandth put of this (piantity 
were distributed uniformly through the air of this room, ('stimated as 
50,000 cubic feet, or about tons by weight, and the electroscope 
were then filled with the air of the room, it would produce an effect 
much greater than any dealt with in the work to bc‘ described. (The 
effect of breaking a tube containing the emanation in equilibrium 
with mg. of r^ium outside in front of the fan supplyiug air to 
the building was demonstrated liy the electroscope.) 

Only two primary radio-elements, uranium and thorium, were 
known changing sufficiently slowly to account for the inaintetiance of 
radium in the earth to-day. Indeed, these two elements are the only 
ones known with atomic weights greater than that of radiumi and are 
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the only ones to choose between, if radium is produced by the known 
process in the disintegration of one element, rather than by the at 
present entirely unknown process consisting of a synthesis of several 
together. Of these two, since Mine. Curie discovered radium in 
minerals confciining large quantities of uranium, it was natural to 
select uranium as the probable primary parent in the disintegration of 
which radium is produced. If uranium were the direct parent of 
radium, 100 grams of uranium, purified chemically from radium, would 
generate a fresh quantity cf radium easily detected by the instrument 
shown after the lapse of only a few hours. 

In preliminary ex^>eriments started nine years ago, a kilo of 
uranyl nitrate (= 500 gr. of uranium) was carefully purified from 
radium by precipitating sulphate of barium in its solution. The 
solution was preserved in a closed vessel, and tested from time to 
time. AlteT 500 days it was found that the quantity of radiutn had 
iiKTeased by an amount, which although excessively minute, was 
about one hundred times as much as the radium initially present. 
The methods of testing for radium were not then so accurate or 
refined as those later introduced by Strutt and Boltwood, but there is 
no reason to doubt their general trustworthiness. The observed 
growth of was, at most, only one thousandth part of Avhat, 

according to existinii data, should have been produced if uninium 
w'ere the diiect parent of ladium. Small as it Wiis, however, this 
was the fii*st observation of a ] product ion of radium. It indicated the 
existence in commercial nmnium (*ompounds of a substance capable 
of generating radium with the lapse of time. In the meantime the 
character of the problem had changed. As a simple consequence of 
the theory of atomic disintegmtion, it follows that, if uranium is the 
jxireiit of radium, proportionality must exist between the quantities 
of radium and uranium in all radioactive minerals, which have not 
been altered by extiTual agencies whilst contained in the earth’s 
crust. The quantity of radium after the lapse of some ’■ens of 
thousands of years will come into equilibrium with that of the 
uranium when as much radium is produced as disintegrates in each 
unit of time. Then Xj. P Q of the differential equation, so that 
the ratio between the quantities must be the same as the ratio be- 
tween the periods of average life of the tw^o elements. Researches 
carried out by Mc(’oy, Strutt, and Boltwood, particularly the last 
two, proved that this was the case. The ratio of radium to uranium 
in all unaltered minerals is, on present data, 8*1 x 10"^ to 1, that is, 
there are 810 ing. of radium per ton of uranium. From this ratio, 
the period of uranium ciilculated from that of radium is 8,000,000,000 
years. Thus was obtained fairly conclusive, though indirect, evi- 
dence that uranium is the primary parent of radium. Unfortunately 
it still remains the only evidence available. To account for the ex- 
cessively slow growth of radium in the first uranium preparations 
studied it w^as necessary to suppose that between the uranium and 
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radiom an intermediate product existed of period of life great by com- 
parison with the time of the experiment. Such a product would 
enormously retard the initial growth of radium. Its existence com- 
plicates what first appeared as a veir simple problem in many other 
ways. It is no longer a question of simply detecting a growth of 
radium. It is necessary to measure the form of the growth-curve 
accurately. 

In the first place this intermediate parent must be present in 
uranium minerals, and therefore, to greater or less extent, in com- 
mercial uranium salts. The mere separation of radium therefrom 
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initially, as in the first experiment, is not sufficient purification. In 
addition every trace of the intermediate parent must also be se^ 
rated, or a growth of radium will not prove that uranium is the 
parent. On this account, in conjunction with Mr. T. D. Mackenzie, 
a fresh series of experiments were beran in Glasgow in 1905, in a 
new laboratory uncontaminated by radium. Three separate quanti- 
ties, each initially of 1 kilogram of uranyl nitrate, were purified by 
repeated extraction with ether, which was considered to be th^ method 
most likely to separate all the impurities, not merely the radium. 
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Observations on these preparations have now been in progress for six 
or seven years. At the same time a portion of the impure fraction 
serrated from the original material was sealed up, freed from initial 
radium by the barium sulphate method, and tested for radium from 
time to time along with the pure uranium preparations. The diagram 
(Fig. 3) shows the growth of radium in this impure fraction. The 
unit used for expressing the quantity of radium is 10“*^ gram. It 
confirms unequivocally the original observation that a substance is 
present in commercial uranium salts capable of generating radium 
and not removed from it by the Imrium sulphate method used first 
for separating the mdium, but separated, at least mainly, by the 
ether method. 

The methods of storing the preparation, and of extracting the 
emanation from the solutions and measuring it, are illustrated in 



Figs. 4 to 8. Figs. 4 and 5 represent a diagram and photograph 
re8])ecjtively of the arrangement used for boiling out the emanation 
from the uranium in the flask A (Fig. 4) under reduced pressure, 
and of collecting it in the bottle G, from which it is expelled into 
the exhausted electroscope (Figs. C and 7). The leak is taken after 
3 hours, the electroscope being kept charged throughout the whole 
interval. The electroscopi* is calibrated by similar tests with solutions 
containing known small amounts of pitchblende of known uranium 
content. Fig. 8 represents a more recent experiment with a very 
large quantity of uranium in which a reflux condenser is sealed inti> 
the flask. This addition makes it possible to rk with large volumes 
of fluid even more easily and accurately than for the older quantities. 
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In the meantime a cognate discovery of first importance was made 
by Boltwood, in America, who proved that actinium preparations ob- 
tained from uranium minerals, and initially free from radium, grow a 
fresh crop of radium with lapse of time. The growth is not by any 
means a very minute one as in my experiments, in which the growth 
can only be put beyond all doubt after the lapse of years. The growth 
of radium from constituents separated from minerals can be readily 
detected and measured in a relatively short space of time. The c urve 
shown (Fig. 9) is taken from a j>aper by Keetrnan (Jahr. Ihidiojict. 
Blcktronik, 1909, vi. 270), who has worked uj)on this parent of radium 
in Germany. Although the total quantity of radium represented by 
this curve is only nine millionths of a milligram, it is enormous com- 
pared with that shown by the other diagram (Fig. 8), in wliicli the 
quantity of radium produced in a period about eight times longer is 



nearly a hundred times less. Further work on this parent of radium 
proved that it was not actinium, but a new radio-element ;idmixed aitii 
It, which Holtwood called ionium. It is radioactive, and its radia- 
tion consists entirely of a-rays of very low range. The chemical 
nature of this ionium is absolutely identical, so far as is known, with 
that of thorium, and it cannot be separated from it. On the otlier 
hand, it is easily separated from any mixture, however complex, by 
adding a trace of thorium and scqKxrating and i>urifying the latter. It 
is interesting to note that no less than three at least of the known 
radio-elements — ionium, radiothoriuin, and uranium are absolutely 

identical in chemical properties with thorium. 'J’his complete simi- 
larity with known elements is one of the features of the chemistry of 
the radio-elements. 

Returning Cb the experiments with the uranium solutiotis purified 
by ether, Fig. 10 shows the growth of radium therein. The three 
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curves labelled I, II, III, refer to these preparations. No. Ill was 
the last prepared, after experience with the others, and contained 
both the greatest quantity of uranium and the least radium initially. 
No. IV refers to a much later experiment with no less than 6 kilo- 
grams of uranyl nitrate, purified by repeated crystallization in the 
course of other work. In all, there has been a distinct growth of 
radium, but it is so small, and the period over which the measurements 
extend is so prolonged, that the errors of the individual measurements 
are relatively great. The general scope of the curves, as indicated in 
the figure, are, however, probably not far wrong. A conservative 
view to take is that in all cases the curves are straight lines. There 



is some indication in No. I of an increasing slope, but it is negatived 
by the evidence of Nos. II and III. 

The quantity of uranium in the four preparations differs widely. 
In Fig. 11 the curves are replotted in a different way to eliminate 
this difference. The ordinates represent the quantities of radium 
formed in terms of the amounts of radium in equilibrium with the 
uranium. The equilibrium amount is the amount that theoretically 
should be formed after the lapse of sufficient time, if uranium is the 
ultimate parent of radium. It will be seen that the slopes of the 
four curves are all different and diminish in order, the growth in the 
first being the greatest, and in the last, after all the experience in 
methods of purification, the least. This is additional evidence that. 
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so far, the radium formed is derived, not from the uranium, but from 
varying inhnitesimal quantities of ionium still unremoved by the 
purification processes. 

Taking No. Ill as the best of the first batch of preparations, the 
growth of radium therein is only about ^f what would 

have occurred if uranium were the direct parent of radium. Some 
idea of the minuteness of the (juantities of radium indicated by these 
curves can be got by the following consideration. Ihulium bromide 
at its present price costs aliout per milligram. For the element, 
radium, this is at the rate of 750, GOO/, per ounce. The diagram 
(Fig. 10) is 2 feet higii. To represent a pennyworth of radium on 



this scale would rc(piirc a diagram over GOOD feet high, whereas to 
represent Keetman’s curve (Fig. 9) would re(|uire one as high as 
St. Paul’s ralhedral. 

These results, therefore, confirm absolutely the view that uranium 
does not ]>roducc radium directly. As Rutherford first showed, if 
ionium is tlic only long-lived ratlio-element between uranium and 
radium, the growth of radium from uranium must initially be pro- 
portional to the s(}uare of the time, and should be represented by the 
equation R 6 x 10”®AT^ where R is the radium formed per 
kilogram of uranium, T is the time in years and 1 /A is the period of 
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ionium. (As was shown with the machine, with all the nuts free- 
wheeling to imitate radio -elements with periods infinitely long 
compared with the time of the experiment, when no intermediate 
substance intervenes, the growth is a straight line as in Figs. 3 and 9, 
when one intervenes the curves rise at a rate proportional to the square, 
when two intervene, according to the cube of the time.) Hence, if 
uranium is the primary parent of radium, it is to be expected that the 
rate of growth of radium from the preparations will increase as time goes 
on according to some power of the time higher than unity. As Fig. 10 
shows there is still no evidence of this increase of slope in any of the 



preparations. This indicates, either that the period of ionium must 
be enormously long, or that several intermediate long-lived members 
intervene. If ionium is the only intervening member a 7Mnimum 
possible limit to its period may be arrived at by applying the above 
equation to the results. If it is assumed that the growth observed is 
due to uranium ancl^that no ionium was initially pre8ent,the mini- 
mum periods calculated in the several experiments are as follow : 
No. I, 28,000 years ; No. II, 41,400 years ; No. Ill, 80,000 years ; 
and No. IV, 69,200 years. Since, in all, certainly some of the 
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growth is due to ionium initially present, the period of ionium must 
certainly be greater than the longest of these periods. We may 
safely conclude, if ionium is the only intermediate member, that its 
period is at least 100,000 years. This is 40 times longer than the 
period of radium itself. 

Entirely independent confirmation of this conclusion was obtained 
in another way. The gap in our knowledge is, strictly speaking, not 
between uranium and ionium, for the direct product of uranium is 
well known and is called uranium X. It gives j8-rays alone in 
disintegrating and has a period of only 35*5 days, so that in all the 
preceding work it has not been necessary to take it into account. It 
would retard the growth of radinm inappreciably. But, if the view 
is right, the product of uranium X must be ionium, which gives a-rays. 
Concomitantly with the rapid decay of the intense )3-rays of uranium X 
there should occur a growth of a-rays due to the ionium produced. 
Whether these a-rays can be actually detected will depend on the 
period of ionium. Fifty kilograms of pure uraiiyl nitrate were pre- 
sented to me by Dr. Beilby, and the uranium X out of this quantity 
was separated, m the first place by fractional crystallization of the 
material. The experiment consisted in watching for the growth of a 
very feeble a-radiation during or subsequent to the decay of the 
^ rays. Owing to the fact that the /J-rays are readily deviated by a 
magnet, the intense ^S-radiation of the uranium X was largely sup- 
pressed, and any a-radiation remaining could be measured from day to 
day, as the ^-rays decayed. This experiment has been repeated many 
times, but with completely negative results. There always was a 
feeble a-radiation, due to impurities, but it remained constant 
throughout. Neither during, nor yet, several years after the separa- 
tion of the uranium X, has there been any detectable growth of a-rays. 
Actinium was also looked for, as the origin of this element, like that 
of radium, remains unexplained, out the result also was completely 
negative. The product of uranium X remains unknown, and if it be 
ionium, the period of the latter substance must be enormous. The 
minimum period it could possess, calculated from these negative 
results, is 30,000 years. This, then, confirms the conclusion of the 
first totally distinct set of experiments, that ionium must have a 
period very much greater than that even of radium. 

Marckwald and Keetman have since concluded that uranium X is 
identical in chemical behaviour with thorium, and therefore with 
ionium. This conclusion has been confirmed by Mr. Fleck in my 
laboratory after an exhaustive series of tests, not yet published. 
Hence in the repeated separation of uranium X from the large quan- 
tity of uranium the very best method was adopted unwittingly for 
removing ionium at the same time. This accounts for the ^tifying 
result with pre^ration No. IV, which was the purest fraction of the 
large quantity obtained after numerous crystallizations of the original 
material. 
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The question arose whether by any means an upper limit, or 
maximum value, for the period of ionium could be assigned. By 
the law already discussed there must be many times as much ionium 
as radium in uranium minerals, and if the actual ratio were known 
the period of ionium could at once be found. For example, if the 
period were 100,000 years, there should be 12 ‘5 grin, of pure ionium 
per ton of uranium. Auer von Welsbach, in a masterly chemical 
separation of the rare-earth fraction from M tons of Joachimsihal 
pitchblende, separated a preparation, which he described as thorium 
oxide, containing ionium, the activity of which was measured by 
Meyer and von ^hweidler. To obtain a maximum estimate for the 
period of ionium, 1 assumed that Welsbach’s preparation was in 
reality pure ionium oxide (which it certainly was not, as it gave the 
thorium emanation), and so I obtained the period of a million yeiirs as 
the upper possible limit. In proportion as the percenhige of ionium 
oxide present is less than 100 %, this period must be reduced.* Thus 
we have fixed the period of ionium as between 10"® and 10 ® years, if 
ionium is the only intervening long-lived member. 

Quite recently a method has been devised for calculating the 
period of ionium from the range of its a-particles, whicli is based 
upon an empirical mathematical relation holding between this range 
and the periods of the substances giving a-rays in the case of the 
other members of the series.f The most recent estimate by this 
method is about 200,000 years, which may be accepted provisionally 
as the most probable at the present time. If this is correct, there 
should be 25 grams of ionium per ton of uranium in minerals. A 
variety of evidence thus leads to the conclusion that to detect the 
growth of radium from uranium either still larger quantities of 
uranium or still longer time is necessary. Even after ten years, that 
is at the end of 1916, 'if the period of ionium is as estimated, 
the uranium in No. Ill preparation should only have produced 
12 X 10'^* grm. of radium, which is less rather than half the amount 
that will then have been formed by the ionium initially present. Nos. I 
and II preparations are very much less favourable. But it is interest- 
ing to consider No. IV preparation, which, though only 2 * 6 years old, 
has over seven times as much uranium as No. III. From the present 
slope of the curve it appeiirs to have little more than one-half as 
much ionium, relatively to the uranium as No. Ill, whereas the re- 
lative initial quantity of radium is about twice as great as in No. III. 
After eight years, that is in 1917, the quantity of radium produced 
from the uranium should be about equal to that which will have by 
then been produced from the ionium present. A distinct upward 
slope should be detectable in the growth curve some time before this. 
But this is the best, If the estimate of the period of ionium asiumed 

* Soddy, Le Radium, 1910, vii. 297. 

t Geiger and Nuttall, Phil. Mag., 1911, xxiii. 613 , 1912, xxiii. 439. 
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is correct, that the present set of experiments can offer to the solution 
of the problem. With the experience already gained, especially in 
dealing with Ijarge quantities of uranium and in the methods of mea- 
surements of the minutest quantities of radium, there should be 
no difficulty in obtaining and. dealing with sufficient uranium, say 
20 kilograms, of the requisite degree of purity as regards ionium 
and radium, to determine directly in a few years the period of ionium 
from the growth curve provided it is not greater than 200,000 years. 

A favourable opportunity is being awaited to initiate this large- 
scale experiment. It reejuires a small room to itself in a permanent 
institution uncontaminaLed with radium, and some guarantee that 
once installed the preparations will remain undisturbed for a reason- 
able term of years, and that the measurements will be continued in a 
comparable manner should the period of life of the original investi- 
gator prove insufficient. It is not enough to set aside a quantity of 
uranium for our successors to see if any mdium has grown in it. It 
is essential that the exact form of the growtli curve should be known 
before the problem in question can be fully answered. There may be 
more tlian one long-lived intermediate product between uranium and 
radium. However, such indirect information as has been acquired 
as to the Ine period of ionium indicates that it, alone, is sufficient 
to account for the present results as regards the absence of growth of 
radium from uranium. 

I desire to acknowledge my indebtedness to Mr. H. N. Beilby and 
Mr. (leorge Weller for their expert advice and help in overcoming 
engineering difficulties encountered in the operation of the machine, 
and to Mr, A. H. Bodle, the mechanic of the Chemistry Department, 
for his skill and energy in constructing it. 

[F. S.] 
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Sir William Crookes, O.M. LL.D. D.Sc. F.R.S., Honomry 
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W. Duddell, Esq., F.R.S. M.RJ. 

High Frequeticy Currents. 

The subject of High Frequency Currents is an extremely fascinating 
one, for not only arc the effects obtained very beautiful, but also 
there is an air of mystery about them which lends to their attractive- 
ness. This mystery is in a large measure due to the fact that the 
ordinary laws governing the flow of electric currents seem to be 
violated, though on closer inspection this is not really the case. 

The subject is now a very large one, and I propose to-night 
merely to pass in review the different methods of generating high 
frequency currents and to illustrate their principles experimentally. 

Before proceeding it will be well that I should explain what I 
mean by high frequency currents, and for this purpose I shall have to 
rapidly survey a certain amount of elementary matter. 

If an electric current flows continuously in the same direction 
through a wire or other circuit, it is said to be a continuous or direct 
current. If, however, the current flows along the wire tisat in one 
direction, then in the other, alternately reversing its direction of flow, 
it is said to be an alternating current. When the growth and decay 
of the current and its reversal take place in a regular manner, A\e 
speak of the numl)er of times per second that the current goes 
through a complete cycle of change as its frequency. 

This is perhaps best illustnited by considering the motion of a 
clock pendulum. The little pendulum which I am using to write 
down its motion on the smoked glass in the lantern has a frequency 
of two. 

In the case of most alternating currents used for electric lighting 
the frequency ranges between 50 and 100, and in the case of the 
current supplied to this lecture theatre from Deptford the frequency 
is 85. These might be thought to be high frequencies, but they are 
really not at all high. The frequency of the current in the telephone 
wires — say, for instance, when the electrophone is transmitting a high 
musical note — migh^be as high as 1000. The upper limit at Which 
sounds appear to have a clearly musical character is probably df the 
order of 10,000 per second, and the limit of audibility some 20,000 
per second, depending on the individual. 
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It is possible to produce electric currents having frequencies 
ranging from 10,000 per second up to many millions, and it is 
currents between these frequencies that I call high frequency currents. 
This evening I am going to devote my attention more especially to 
frequencies in the range between ten thousand and a million, as 
currents of these frequencies have a large number of practical 
applications, such as wireless telegraphy, high frequency treatment 
of diseases, electrical cautery, thermo-penetration, etc. 

The methods of producing high frequency currents may be divided 
broadly into three classes, namely: (1) Alternator methods; (2) 
methods based on the oscillatory discharge of a Leyden jar ; (3) arc 
methods. Although the alternator method of producing very high 
frequencies has not had the same general application as the Leyden 
jar discharge, I will treat it first for two reasons : Firstly, it is some- 



Fio 1 — Alliancf Altfrnator 


what easier to understand ; secondly, there seems a probability that 
the high frequency alternator will lie very greatly impioved and 
developed, and soon come into more general application. 

Alternators were among the first machines invented for producing 
electric currents on the well-knovn Faraday principle of magnetic 
induction. Among the early machines which will illustrate the 
principle I may mention the Alliance machine, which was largely 
used in lighthouses, from 1863 onwards. The essential parts were a 
number of magnets, and wires on bobbins which passed across the 
poles, in which electric currents were induced (Fig. 1). The frequency 
ot these machines was about 50 per second. 

Consider a single wire passing a north ^1 l. A current will be 
induced in it in a certain direction, according to the well-known 
principles discovered by Faraday. When the wire passes across the 
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south pole a current will be produced in the opposite direction, so 
that we have here quite a simple means of producing a current which 
flows alternately in the wire in opposite directions — that is to say, an 
alternating, current If a number of magnets ai*e arranged round 
the machine with their poles alternately north and south, and a wire 
is caused to move past tnem, an alternating current will be produced, 
the frequency depending upon the number of magnets and on the 
number of revolutions the machine makes per second. For instance, 
if we have 8 magnets, each of which has, of course, two poles, and if 
the machine makes 6 revolutions per second, then the frequency will 
be 48. It will be at once obvious that if we wish to generate a high 
frequency with a machine such as this, we can obtain it either by 
using a large number of magnets or a high speed of rotation, or both. 

In a little special machine which I have here there are 15 
magnets — that is to say, 80 poles alternately north and south — and it 
runs at 8000 revolutions per minute or 133^ revolutions per second, 
so that frequency in this case is 2000. The peripheral speed of this 
machine is just over 8 miles per minute — that is to say, the rotating 
part would roll down to Brignton in about J 7 minutes. From this 
example it will be pretty obvious that if I attempt to obtain high 
frequencies — that is to say, frequencies well above 10,000 — I shall have 
to run cither at enormous speeds or have a very large number of 
poles. One of the very earliest high frequency machines ever con- 
structed in this country, and following shortly after Tesla’s high fre- 
quency machine, was made by Messrs. Pyke and Harris for Sir David 
&ilomon8, and owing to the courtesy of Messrs. Isenthal, who now 
own the machine, I am able to show it to you to-night. 

The machine ran at 1500 revolutions per minute, but as4)oth the 
armature and the field magnets are free to move, their relative rate 
was 3000 r.p.m. or 60 revolutions per second. The number of pairs of 
poles is 174, so that frequency is 8700. 

This machine exhibits very well the peculiar difficulty there is in 
constructing high frequency alternators, for there are no less than 
10 poles in each 'inch of the circumference of the discs which form 
the armature and field respectively. When it is remembered that it is 
not only necessary to get the 10 poles into 1 inch, but also the wires 
which are between them and the insulation on the wires, it becomes 
pretty obvious that the constructional difficulties are very great, 
especially if the machine is required to produce large currents, which 
naturally require large wires to carry tliem. As an example of an 
early machine, this machine possesses many points of interest. Firstly, 
the method adopted of revolving the two parts in opposite directions 
is extremely interesting, and hus been followed in some of the mpdern 
machines. It enable^ twice the frequency to be obtained froip the 
machine with the same risk of bursting the revolving parts as could 
be obtained if one part were stationary in the ordinary way and the 
other part revolved. Secondly, the method of winding — namely, the 
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zigzag winding of the wires on the poles — is of considerable interest. 
I believe it was first put into a high frequency machine by Tesla in 
1889, and it has been adopted in many modern high frequency 
machines. 

At about the same date that Sir David Salomons had his machine 
constructed, Mr. Parsons constructed for Prof. Ewing at Cambridge 
University a high frequency alternator in which the high frequency — 
namely, 14,000 — was obtained by using a high speed of 12,000 r.p.m. 

At this stage 1 would explain a second method of constructing an 
alternator which differs slightly in principle from the first. If, instead 
of moving the wires across the faces of the magnets, or moving the 
soft iron cores on which they are wound, the wires be wound on the 
poles of the magnets and a piece of soft iron moved past the magnet 
poles, an alternating current will be produced as before with this 
difference— each time the piece of soft iron bridges two poles and 
thus forms an easy path for the magnetism, the magnetism will in- 
crease through the coils producing a current in one direction, and as 
it moves away the magnetism will decrease and produce a current in 
the opposite direction. It will thus be evident that we produce a 
current first fa jne direction and then in the other as the piece of 
soft iron passes each individual pole instead of each pair of poles, 
so that for a given number of poles and a given speed this type of 
alternator will produce twice the frequency of the previous type. 
Alternators depending on this principle are usually called inductor 
alternators. Many high frequency alternators have been constructed 
on this principle by using 204 polar projections or teeth and a speed 
of 35,400 r.p.m. I have obtained a frequency of no less than 
120,000 in a machine I constructed in the lal)oratories of the Central 
Technical College, but the output of the machine was microscopic. 

It is of interest to consider what is the practical limit of frequency 
obtainable in alternators, and this entirely depends on the limiting 
speed from the point of view of safety at which the material may he nin, 
and on the spacing of the poles. It is quite well known that for every 
material there is a limiting peripheral speed above which it will fail. 
With modern steels and good construction, the safe limit is somewhere 
in the neighbourhood of 300 metres jHir second. If we assume that 
we can get a pole and the wire and insulation into 3 mm., the total 
number of poles per second will be 100,000, and the limiting fre- 
quency would either be 100,000 or 50,000 according to whether the 
alternator was of the inductor or the ordinary type. If it were 
possible to build two discs rotating in opposite directions, having the 
above peripheral speeds, then the above frequencies would be doubled. 
The limited width available for the pole and copper leads to great 
difficulties if any considerable output is required. 

Turning to modern high frequency machines, we have the alternator 
designed by Mr. Alexanderson, with which frequencies as high as 200,000 
have been obtained. Owing to the courtesy of Mr. Alexanderson, I am 
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able to show you some photo^iuphs of a 100,000 frequency machine 
and i^ivc you some debiils as to its construction. Tlie alternator is 



Fig. 4 — Section of Alexanderson’s 100,000 ~ Alternator 


of the inductor type. The rotating part consists of a steel disc having 
300 slots cut round its edge so as to leave 30(» steel teeth. Each 
of these steel teeth acts in turn to close the magnetic circuit between 
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two of the poles of the stationary part of the machine. In order to 
reduce the air friction on this disc, which is run at the very lii^h speed 
of 20,000 r.p.m.jthe spaces between the teeth have brass plugs riveted 
into them so as to render the surfiK*e of the disc perfectly sinootli. 
Fig. 2 shows the complete disc and its shaft, and Fig. 8 a ])ortion of 
the disc on a larger scale. 

The frame of the .machine F, Fig. 4, contains two field coils A. 
The magnetic lines of force pass through the frame through the part 
B and the laminated polar projections E. According to whether 
there is an iron spoke or the non-magnetie material between the polar 
projection B, the magnetic flux will be maximum or minimum, and 
will conse(]uenLly go through a complete cycle of change as each iron 
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Fig G. — Winding Diagram, Alexandkrson's Alternator. 


spoke passes the pole tips ; the wires in which the current is induced 
are wound zigzag fashion around the pole tips. With 800 teeth and a 
speed of 20,000 r.p.m., a frequency of 100,000 is obtainable. A view 
of the complete machine is shown in Fig. 5, the driving motor being 
on the right, the gearing in the centre and the high frequency alter- 
nator on the left. An output of some 2 k.w. is obtainable. In order 
to get still higher frequencies without rendering the spicing exeijssively 
small so that there is no room for the wires between the polir pro- 
jections on the stator, another form of winding has been adojited in 
which instead of using GOO polar projections on the stator only 400 
are used. This winding is illustrated in Fig. 6. 

With this latter type of winding, using 800 polar projections, a 
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frequency of 200,000 has l>een obtained by Mr. Alexanderson. It 
is interesting to note that when running at this very high speed 
the gyrostatic action is so considerable that a long flexible shaft has 
to be used so that the disc spins in its own plane like a top. 
Auxiliary bearings are provided close to the disc, which, while allow- 
ing sufficient freedom for the disc to spin in its own plane, yet 
prevent excessive bending of the shaft when the disc passes through 
its different critiail speeds when being speeded up. To give some 
idea of the high speeds at which these discs run I may mention that 
the speed of the edge is some 12 miles per minute, so that if they 
could be used as wheels for a motor car, the journey to Brighton 
would only occupy about minutes. 

A high frequency alternator on quite a different principle is due 
to Dr. Goldschmidt. The principle of the machine is at first sight a 
little difficult to understand. I have mentioned in Sir David 
Salomon’s early machine that the two discs forming the field and 
armature were rotated in opposite directions. It is possible, how- 
ever, to produce a rotiiting field electrically without the disc moving 
at all. When this is acconqdidied the freciueiicy of the machine 
de{)ends as before upon the relative spt'cd of the rotjiting held and 
the armature. 

Considering for simplicity a machine having only two poles so 
that it gives one complete cycle per revolution, and suppose I supply 
the fixed part or stator vsith an alternating current of KM) frequency 
and so connect it that it will produce a rotating field (we will iissunu* 
the alternating current to be three phase for the sake of simplicity), 
if now I rotate the rotating- part in the opposite direction to that ot 
the rotating field I shall have induced in the rotor an altStnating 
current whose frequency will depend on the relative speeds. For 
instance, if the speed of the rotor is such that with a stationary field 
it Would give 100 freciuency, then as my field is actually rotating in 
the opposite direction at 100 frequency the actual fiequency pro- 
duced will be 200 per second. Using this 200 per second frequency 
by means of another machine running at the same speed one could 
increase it to 300, and so on indefinitely. This would, however, 
lead to a very complicated machine, and Dr. Goldschmidt has arranged 
matters so that instead of requiring a number of machines the 
successive additions to the frequency can all go on in the same 
machine. 

The simplest way to explain this is to suppose that the alternating 
current at 200 frequency obtained from the rotor is passed back into 
the stator of the same macliine so as to produce a rotating field of 
200 frequency without in any way interfering with the ori^nal 
rotating field of 100 frequency. This rotating field of 200 frequency 
will induce an altv^rnating current of 300 frequency in the rotor, 
which could in turn be transferred back to the stator and produce a 
rotating field having 300 frequency, and so on. 
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This is what Dr. Goldschmidt calls the electrical method of trans- 
ferriog the currents from the rotor to the stator, ile has also devised 
a magnetic method which is simpler. Turning again to our two pole 
machine whose stator is supplied with current at 100 freciuency, there 
will be induced in the rotor a current of 200 frequency. Now, if 
the rotor be short-circuited there will be produced in it a rotating 
field having 200 frequency, which will induce in the stator a current 


D 



having 300 frequency, which in turn can be short-circuited and will 
induce in the rotor a current having 400 frequency, and so on. I 
have spoken of the machine as if the rotating field was produced 
by a three phase current. A single phase field may be looked upon, 
theoretically, as two rotating fields in opposite directions, one of 
which will have no effect as far as we are concerned, and therefore a 
single phase machine will do just as well. Further, it is not really 
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necessary to supply the stator of the machine with an alternating 
current. If it is excited with a direct current it will induce an 
alternating current in the rotor which will react on the stator, and 
backwards and forwards in the same way as I have already described. 

It would seem at first sight as if by this means an indefinitely high 
frequency could be very easily obtained. There are, however, certain 
practical difficulties. The actual connections used for a fourfold 
magnetification of frequency are shown in Fig. 7. 

The stator S is excited from the battery B through the self-induc- 
tion D. This produces in the rotor R an alternating current of the 
frequency of say 100. This cun*ent flows through the condenser Cg, 
the self-induction Dg, and the condenser C^. This circuit being in 
resonance for 100 fr^uency, consequently the rotor behaves as if 
short-circuited for this frequency. The field produced by this 100 
frequency will react on the stator, and induce in it a current of 200 
frequency which passes via the condenser 0^ , self-induction , and 
condenser C^. This circuit is also adjusted to be in resonance for the 
frequency 200, and consequently the stator behaves as if shoit- 
circuited for this frequency. There is in turn induced in the lotor 
R a current of 300 frequency which passes via C3 and C^, again 
adjusted to resonance. This induces in the stator a current of 400 
frequency which, as circuit Dj C2 is not in resonance, for this frequency 
can be taken out to do useful work from the points a and b. By 
this method Dr. Goldschmidt has obtained some 12 k.w. at a fre- 
quency of 30,000, and at high frequencies a lesser output. Owing to 
ms courtesy I am able to show you some slides of the actual machine. 
Fig. 8 is the rotor, and Fig. 9 the complete machine. ^ 

The present position of the generation of high frequency" currents 
by means of alternators may be resumed by saying that it is now 
practically possible to generate by means of a machine alternating 
current up to and over 200,000 frequency. At frequencies of 100,000 
several k.w. are obtainable, and at the lower frequencies machines can 
be built for greatly increased outputs. Where large amounts of power 
at high frequencies are required such as in wireless telegraphy, the 
question is now becoming a commercial one as to the efficiency of the 
aiflferent types of alternator, their cost and their reliability. Is it 
possible to run these machines continuously day in day out and to 
supply power at high frequencies? If so, how much does it cost per 
kilowatt hour to produce this high frequency power, taking into 
account not only the coal consumption, but also the wear and tear on 
the machine and all the other running and capital charges ? 

^BYDBN Jar Discharges. 

Turning next to the second method of producing high frequency 
currents— namely, by the discharge of a Leyden jar — it was quite early 
inferred by Helmholtz and Henry that the discharge of a Leyden jar 
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did not always flow in the same direction, and we owe to Lord Kelvin 
the mathematical investigation of this subject, and to Feddersen ite 
experimental demonstration. If I charge a Leyden jar, or any other 
condenser, and allow it to discharge through a very high resistance, 
a current will flow, which gradually dies away as the jar discharges. 
If, however, I discharge the condenser through a sufficiently low 
resistance, it will be found that the current continues to flow in the 
same direction after the jar is completely discharged, and then 
charges it ^ in the opposite direction, the current gi^ually getting 
smaller. When the jar is charged to a certain extent in the opposite 
direction to its original direction it starts to discharge again, this time 
in the opposite direction. The current again continues to flow after 
the jar is discharged, and charges it up in the original direction. 
This cycle of operation is repeated, the energy of the charge in the 
jar gr^ually getting less and less, until it dies away. As a simple 
analogy, a pendulum, or a weight hanging on a spring, when dis- 
placed oscillates, the oscillations growing smaller and smaller until 
they die away. This is so well known that I need not go any further 
into the matter. The frequency of these oscillations is determined 
by the cap^ity of the condenser — that is to say, the quantity of 
electricity it can hold when charged to 1 volt and the self-induction 
of the circuit — the capacity of the condenser corresponding to the 
weakness of the spring, and the self-induction to the mass of the 
weight in our spring and weight analogy. 

It is quite easy to obtain by this method almost any frequency — 
for instance, anything between 1 and 100,000,000 are comparatively 
easily obtainable, and I have even demonstrated frequencies as low 
as ^ in this lecture theatre. 

The fundamental difference between these high frequency currents 
and those generated by alternators is that they die away — that is to 
say, that the amplitude gradually decreases and comes to zero. The 
condenser then has to be re-charged, and the process repeats itself. 
Now, a single discharge of this sort is not of much practical use. It 
is necessary to charge the condenser and repeat the discharges in 
rapid succession if any useful w^ork is to be done. Many methods 
have been proposed for this purpose. Some of the early successful 
experiments were those of Tesla, shown in this theatre on February 
1892. 

The condenser is allowed to discharge through a circuit which 
consists of the necessary self-induction and a spark gap in series. 
Now, a spark gap possesses the property of acting like a safety valve 
which will stana a certain steam-pressure, and will then suddenly 
open and let the steam out freely. The spark gap will stand a 
certain electrical pressure, and then will open and let the electricity 
pass. When once the electrical pressure or voltage has been raised to 
a sufficiently high value to break down the spark gap, the spark gap 
changes from being an insulator w hich prevented the flow of electricity 



28 o 


LIBRARY OF SCIENCE 


to being a comparatively good conductor, and it remains conducting 
in the ordinary way until the current finally ceases. I shall have 
some more to say later on the subject of the change of conductivity 
of the spark gap. Returning to our circuit containing our condenser, 
spark gap and self-induction, if the condenser be charged to a suffi- 
ciently high voltage the spark gap will break down, a spark will take 
place, and during the time that the gap is conducting oscillations will 
'take place. In order, therefore, to produce the repeated sets of dis- 
charges of the condenser, all we have to do is to repeatedly charge 
the condenser to a sufficiently high voltage, and this is easily accom- 
plished by charging it from a transformer connected to an ordinary 
low frequency alternator. For instance, with the ordinary 85 fre- 
quency current available I can obtain one discharge each time the 
condenser is charged either positively or negatively — that is to say, 
170 discharges per second, each of wdiich discharges consists of a 
series of high frequency oscillations. 

This is the usual method of producing high frequency currents, 
and is the method used by Tesla for his most brilliant experiments, 
shown in this lecture theatre twenty years ago. It will he evident, 
however, that the high frecpiency currents obtained ))y this means 
differ fundamentally from those obtained from an alternator ; for in- 
stance, with an oscillation frequency of 1,000,000 per second, such as 1 
am using, and 50 oscillations for each discharge of the jar, the whole 
discharge will last ^ second. As we are only obtaining 170 

discharges per second, there is something like a 200th of a second 
between the end of one discharge and the beginning of the next, 
which is a comparatively long time, about 100 times as long as the 
time the oscillations last. Inventors have been struggling, Ttnd with 
some success, to close up these gap. 

It is obvious that if- the discharges can be caused to take place 
with greater rapidity by using a higher frequency alternator to charge 
the jars, the gaps will be closed up, and this is the method originally 
used by Tesla, and which is now being used in many of the wireless 
transmitters, though in this case there is another reason for using a 
greater numlier of discharges per second. For instance, the Marconi 
Company, in their musical spark transmitters, use a freciuency of 
some 300 — that is to say, some 600 discharges per second — and the 
Telefunken Company as many as 1,000 discharges per second. 

Mr. Marconi has described in this lecture theatre the method he 
uses in his trans- Atlantic stations. In this case, instead of charging 
the Leyden jar or condenser from an alternator, it is charged from 
a high voltage battery, and the seq^uence of discharges is produced 
by means of a special form of sparic discharger, w’hicli consists of a 
disc fitted with studt round its edge. When this disc is rotated the 
studs pass between the balls of the spark gap, and, corresponding to 
the passage of each stud, a discharge takes place. If the disc is 
driven at a very high sjieed a large numlier of discharges per second 
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are obtiiinable. Taking tbe trans-Atlantic case, where the frequency 
of the oscillations is about 50,000 per second, and, assuming that 
there are 50 or 60 oscillations in the aerial for each discharge, the 
total time the oscillations in the aerial last is just over ^ 

second. As the spark frequency is al)oiit 6(M) per second the oscilla- 
tions are therefore practically joined up, and there are no completely 
idle intervals between them. 

I now come to another class of method which still depends upon 
the di 8 (iharge of a condenser. If 1 have a body like a pendulum or 
a spring capable of oscillations, I can make it oscillate by pulling it 
aw'ay from its position of rest and then letting it go. 1 can also 
make it oscillate by giving it a blow* or shock, and I can make it 
oscillate by applying to it a number of impulses at properly timed 
intervals. AU three of these methods are employed in the production 
of high frequency cun cuts. The first is the simple discharge of the 
Leyden jar without any auxiliary apparatus ; the third is the method 
usually employed in wireless telegraphy for obtaining and maintain- 
ing a long series of oscillations in the aerial by tuning it and loosely 
coupling it to the Leyden jar circuit in which the discharge takes 
place. Tho. 5 c\ 6 iMl method also involves a discharge of a condenser, 
in this case the spark gap is so arranged that it suppresses the oscil- 
lations of the condenser — that is to say, it breaks dowm, allow's a large 
rush of current, and then becomes insulating and stops am thing 
further from happening. To illustrate this I have constructed a 
little val\e which works wdth water A vertical tube of water repre- 
sents the condenser, and this is connected to the valve. The height 
of the water in the tube is gently increased, which corresponds to 
increasing the quantity of electricity in the condenser, and the pres- 
sure of the water, represented by its height, corresponds to the 
voltiigc on the condenser. AVhen the })rebSiirc of water is sufficient 
the valve suddenly ()])ens, coiTes])( aiding to the spark gap breaking 
down, and allows the water to flow' out from the vertieal tube, so 
discharging it. As tlie valve only works in one direction oscillations 
Ciinnot take place. We have thus a model of what is called a 
quenched spark, which goes out directly the condenser is discharged. 
A discharge of this type can be cause<l to act either by magnetic 
induction or otherw ise on a circuit consisting of a condenser and a 
self-induction. The effect of the rush of cunxuit wdieu the jar dis- 
charges is to gi^'e the second circuit a sliock and set up oscillations 
ill it. 

It might be thouglit at first that in this method of producing 
oscillations there w’as no relationship betw’een the nature of the swing 
in the first, or discharge, circuit and the frequency of the oscillations 
in the second circuit. Without going into the theory of coupling, 
which would bike me too far, I would point out that for the best 
result there is a relationship, and this can be easily seen if one con- 
siders the question of starting oscillations in, say, a short and a long 
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pendulum. The long pendulum will be set swinging easier with a 
blow which comes on and off comparatively slowly, whereas the short 
pendulum will require a short, quick tap to start it swinging. 

This method of shock excitation, due to Max Wien, is employed 
by the Telefunken Company in their wireless transmitter, and also 
in their therapeutic apparatus ; a special type of spark gap being 
used consisting of large flat metal plates, a very short distance apart, 
the object being to suddenly cool the spark to cause it to go out, and 
the gap to become insulating again at the earliest possible moment. 

A spark gap of this type connected to a condenser and self-induc- 
tion can be supplied in the ordinary way, when the frequency of the 
spark will naturally depend upon the frequency of the alternator. 

If a Leyden jar or condenser be charged from a battery through a 
high resistance, it will take a certain time to charge up ; and if there 
be also connected to the condenser a discharge circuit containing a 
spark gap, when the condenser is sufficiently charged a discharge 
will take place through the spark gap, the condenser will then start 
to charge again and the operation will be repeated. I employed this 
method some years ago to work an induction coil. In this case, as I 
was only using low voltages under 1000 volts, the spark gap was re- 
placed by a vacuum tube, and the self-induction in the oscillatory 
circuit was the primary of an induction coil. The connections and 
data are shown in Fig. 10. By suitably adjusting the pressure in 
the vacuum tube and the resistance in series with the condenser, it is 
easy to obtain a rapid series of sparks. If voltages of the order 
of 1000 volts direct current were generally available, this might form 
a very convenient method of working a coil. 

It will be noted that the spark frequency is not, in this case, 
determined by an alternator, but depends upon the time the condenser 
takes to charge to a sufficiently high voltage to break down the spark 
gap. By making the resistance small, and the supply voltage high, 
the condenser will charge more quickly. It is quite easy to cause 
the discharges to follow one another very rapidly by this means. 

If an attempt be made to employ the successive discharges of a 
condenser when charged from continuous current, a difficulty is 
encountered if large powers are dealt with. This difficulty seems to 
reside in the properties of the spark gap, which tends to become 
completely conducting, or, what is technically called “ arcs,” when 
large powers, say 10 k.w. or over, are employed. 

Mr. Galletti set himself to get over this difficulty by employing 
a number of such circuits, each with their own spark gap, and con- 
necting these together so that they would all help to produce the 
oscillations. 

Of the methods'^proposed by him I will only refer to one which 
I have seen in operation. The principle of it is illustrated in Pig. 11. 
It consists of splitting the condenser into two parts, one of which — 
Cq — is common to all the discharge circuits. The action of this 
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condenser is not very easy to follow, but it certainly produces the 
required result, if the conditions are properly adjusted, by causing 
the discharges in the various circuits to take place in regular sequence. 
For it is quite easy to show that if the common condenser is not 
employed, then the circuits tend to all discharge at the same time, 
so that the addition of extra circuits, instead of filling up the gaps 
between the discharges, tends to accentuate the discharge, at certain 



Pic,. 10. 

I, induction coil ; T, vacuum tube , V, about 000 volts ; 
K, 6000 to 100,000 ohms ; C, about 5 mf. 


times leaving the intermediate periods idle. By combining a number 
of circuits and using the high voltage continuous current supplied 
by the Moutier-Lyons transmission — which was at a voltage of some 

40.000 volts when I ^w the experiments —Mr. Galletti was able to 
deal with many k.w., the spark frequency being very high, some 

10.000 per second. Corresponding to each of these sparks there is 
a series of oscillations, so that in this case the oscillations must be 





Fig 11 — Gall^tti Connections 
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completely joined up, and the result almost the same as if an alter- 
nator were employed. 

Mr. Galletti informs me that he hits been able to employ still 
larger numbers of sparks per second, up to 100,000. In this case 
one arrives at the interesting result that the oscillutions can be 
maintained by ijnpulses from the condenser circuit every other 
oscillation, or even each individual oscillation. This should maintain 
a true alternating current, such as is produced by an alternator, with 
no waste intervals. 

To experimentally illustrate the principle, I have arranged two 
circuits according to Mr. Galletti’s method. As I have not at my 
disposal a very high voltiige — in fac.t, I liavc only 900 volts — I am 
using vacuum tubes T, "W, in ])lace of the spark gaps, as by adjusting 
the pressure T can make them discharge regularly at these low 
voltages. 

In order to demonstrate tiiat the two (‘ircuiU T am using really 
discharge in n^gular sequence and not siniultaiieonslv, 1 am using a 
low discharge frequency of about 1 }>(*r second. Tliis is obtained 
by giving the condensers (\ Cy each a capacity of about mf., 
and using lOOrO/m ohms for and R^ in seri(‘s in each circuit. 

By short-circuiting the common condenser the sequence of suc- 
cessive discharges is at once destroyed, and tlie (‘ondensers of the 
tv o circuits tend to discharge simulttineously. Whim I reduce the 
series resisbinces the discharge rate is greatly increased, until it is no 
longer possible by eye or ear to realize the freijiiencv. 1 have, by 
experiments with the oscillograph, determined that the di>charges 
still take jilace in regular Seijuence. 


Arc Mkthou.s. 

I now come to the third method— nuniel>. the arc method of 
producing high freipieiu'y curreiits. If an ordinary direct current 
arc is produced between solid carbon or metal electrodes, it is 
unstable - that is to say, it cannot be burnt unless a resisLance is 
placed in series vith it. The reason for this will be at once evident 
if we examine the curves in Fig 12, connecting the potential difference 
and the current. It vill be noted that if the current through the 
arc is increased, due to any cause, the potential di1fereiic*e l)etweeii 
its terminals de(3reases. The result of this decrease in potential 
difference is to encourage a still larger current to flov. This larger 
current further decreases the potential difference, and, consequently, 
still further increases the current, the current tending, therefore, to 
become infinitely great. If, on the other hand, the ciuTent be 
decreased, the potential difference between the nninals of the arc 
tends to increase, which has the result of tending to still further 
decrease the current, causing the current to become zero, so that an 




Fig. 12.— CiiARACTEBisTic Curves fob Arc between Carbon Electrodes. 
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arc by itself is essentially unstable. Of course, in practice, the 
current can be kept at any desired value by putting sulncient resist- 
ance in series with the arc, so that when the current is increased the 
potential difference between the terminals of the arc and the resist- 
ance taken together increases, and the circuit as a whole becomes 
stable. If such an arc be shunted with a capacity and self-induction 
in series (see Fig. 18) oscillations will be set up in this shunt circuit, 
the frequency of the oscillations being mainly determined by the 
periodic time of the shunt condenser circuit, which may be calculated 
from the well-known Kelvin formula. 

When the oscillations are taking place the oscillatory current 
flows through the arc, and consequently tends to increase and 
decrease the arc current. Any increase in the current tends to make 
the vapour column of the arc larger, and any decrease makes it 


R 



Fig. 13 .- Musical. Arc Connections 


smaller, so that the vapour colimin of the arc pulsates in size. This 
pulsation in the size of the vapour column moves the air in the 
neighbourhood of the arc, and, if the frequency is suitable, produces 
sound ; hence this experiment is knoun as the musical arc. By vary- 
ing either the capacity or the self-induction the frequency of the 
oscillations can l>e varied, and hence the pitch of the notes given out 
by the arc, and by this means a tune can even be played on it. 

The frequency of the currents produced when using an ordinary 
arc between solid carbon electrodes is comparatively low, at the most 
a few thousands per second. The reason for this is that the 
characteristic of the arc — that is to say, the relationship between the 
potential difference and the current— depends to some extent on how 
quickly the current is varied. If the current is varied very quickly, 
^en an increase of current is accompanied by an increase in the 
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Pig. 14 — Chakactbbistic Curves fob Arc between Copper Electrodes. 
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potential difference ; the arc is no longer an unstable conductor, and 
oscillations cannot be produced. 

There are various ways of rendering the arc unstable, even when 
the current varies rapidly. One of these consists in using very small 
currents. For instance, metal arcs using currents under one-naif of 
an ampere are extremely unstable, and remain so even under high 
frequencies (see Figs. 12 and 14, which give some curves I have 
obtained for arcs between car]>on and copper electrodes respectively). 

Another method is to energetically cool the electrodes ; for 
instance, to make one of the electrodes consist of a vessel containing 
water, or squirt a jet of water through the arc. The third method, 
due to Mr. Ponlsen, consists in placing the arc in hydrogen, or some 
hydrogen compound, such as coal-gas or alcohol vapour. By this 
means high frequency oscillations can easily be produced up to about 
a million per second, and at the lower frequencies of, say, 100,000, 
considerable powers can lie dealt with. 



Fig 15 — Poulsen Arc Connections. 

To render the arc still more unstable, Mr. Ponlsen places it in a 
strong transverse magnetic field (Fig. 15). With an apparatus of 
this sort I am informed that some ;^0 k.w. or more can be dealt 
with by a single arc, and if several arcs arc placed in series large 
powers can be transformed. Fig. 10 is a photograph of a 12 k.w. 
arc generator. 

If the apparatus is ])roperly adjusted the high frequency currents 
produced are very nearly true alternating currents, such as are obtained 
from an alternator. 

The only difficulty I find in working the apparatus is to maintain 
the frequency absolutely constant, as it appears that the frequency 
depends to a small extent on the current through the arc and on the 
arc length. In the actual apparatus employed for wdreloss telegmphy 
the electrodes are kept in rotation so as to ensure a greater constancy 
in the arc length. 

It must be remembered that if the arc is burnt in coal-gas instead 
of the electrodes burning away, carbon is actually deposited, and the 
carbon electrode increases in length. 
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In using a generator of this sort for wireless telegraphy, messages 
have been transmitted and recorded from a distance of a^ut 1000 
miles at the speed of over 100 words per minute. 

A large number of modifications of the arc method have been 
produced, practically all of which consist in changing the nature of 
the electrodes or the surroundings of the arc, so as to try and make 
it still more unstable at high frequencies and large currents. Most 
arcs seem to lose their instability after the current has passed a certain 
limit. For this reason there is generally a best working current for 
any arc. If it is required to deal with more power than one arc can 
transform, it is better to put the arcs in series. 

A trick which is very useful and which enables two arcs to be 
burnt in parallel as far as the mains are concerned, and to be in series 
as far as the oscillatory circuit is concerned, is illustrated in Fig. 17. 
This is at times very convenient, as sufficiently high voltage direct 
current generators are not always available. 



A very interesting generator of high frequency currents is that 
invented by Mr. S. (i. Bro>\n. It is difficult to say whether it is an 
arc or a spark or what. The unstable conductor which takes the 
place of the arc consists of an aluminium wheel, on the edge of which 
a copper block rests (Fig. 18). The wheel is kept rotating, and the 
contact is shunted by a condenser and self-induction. This arrange- 
ment produces high frequency currents quite easily, but 1 have never 
been able to make it deal with any large powers. 

In conclusion, it is of interest to review' in general terms the present 
position of the three main methods of producing high frequency 
currents. The most important application at ihe moment for high 
frequency currents is wireless telegraphy. For this purpose frequencies 
in the range between 30,000 and 1,000,000 are required. A few 
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kilowatts high frecmency energy is generally sufficient for practical 
purposes at the higner frequencies. At the lower frequencies, which 
are mainly used on long-distance working, large amounts of poi\er are 
required. In fact one of the great problems in long-distance wireless 
telegraphy is to produce several hundred kilowatts of high frequency 
energy with certainty and regularity, and at a reasonable price. 

The relative advantages of high frequency alternating current, 
sometimes called continuous oscillations and groups of oscillations, is 
not a matter that I can enter into to-night. It is sufficient to point 
out that if continuous oscillations are employed they can always be 
cut up into groups by means of an automatic device should this be 
required. Neelecting the relative advantages of the continuous 
oscillations and the oscillations which are sent out in groups with 
spaces between, I have simply to compare the three methods from 
tne point of view of the amount of energy they are able to successfully 
and regularly handle. 



The alternator method, as far as the information at my disposal 
goes, hai^ never yet been applied to very large powers. There is no 
doubt that’ it is from many points of view an ideal method. 

The spark method has been successfully employed over a wide 
range of frequency and up to very large powers, and there is no 
doubt that it is capable of satisfactory operation. The spark method 
used with very high frequency sparks and continuous current, as 
proposed by Mr. Galletti, is still in its experimental stage. With 
the rough apparatus I saw working a year ago, a considerable amount 
of power could be dealt with successfully, and there seems no reason 
why the principle should not be extended so as to deal with still 
larger powers. The practical difficulties may be great, but I think 
they should be able to be overcome. This, however, is entirely a 
matter for experiment. 

The arc method is in a much more advanced condition. A large 
amount of work has been done, and practically all the details have 
been worked out. There is no doubt that fairly large powers Can be 
successfully generated and utilized. 
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The position is therefore a very interesting one. No one of the 
methods seems at the moment to have so many advantages as to 
make it the one method above all others for producing high frequency 
currents. The final decision as to which is the best will probably 
in the end be determined by the regularity with which the apparatus 
works, and by that governing factor in all commercial enterprises — 
the cost of production. 

[W. D.] 



Friday, January 17, 1913. 

His Gbace The Duke op Nobthumbebland, K.G. P.O. D.O.L. 
F.R.S., President, in the Chair. 

Pbofessob Sib J. J. Thomson, O.M. LL.D. D.Sc. F.R.S. M.R.I., 
Professor of Natural Philosophy, Royal Institution. 

Some Further Applications of the Method of 
Positive Rays. 

The method to which I shall refer this evening is the one I described 
in a lecture I gave here two years ago. The nature of the method 
may be understood from the diagram given in Fig. 1. A is a vessel 
containing the gases at a very low pressure ; an electric discharge is 
sent through these gases, passing from the anode to the cathode C. 
The positively electrified particles move with great velocity to- 
wards the cathode ; some of them pass through a small hole in the 



centre, and emerge on the other side as a fine pencil of positively 
electrified particles. This pencil is acted on by electric forces when 
it nasses between the plates L and M, which are connected with the 
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terniiiialfl of a battery of storage cells, and by a magnetic force when 
it passes between P and Q, which arc the poles of an electro-magnet. 
In the pencil before it passed under the influence of those forces there 
might be Jiiany kinds of atoms or molecules, some heavy, others light, 
some moving quickly, others comparatively slowly, but these would 
all be mixed up together. When they are acted on by the electric 
and magnetic forces, however, they get sorted out, and instead of 
travelling along the stime ptith they branch off into different direc- 
tions. No two particles will travel along the same path unless they 
have the same mass as well as the same velocity ; so that if we know 
the path of the particle we can determine both its mass and its 
velocity. In chemical analyses we are concerned more with the 
mass than with the velocity, and we naturally ask what is the con- 
nexion between the paths of particles which have the Siime mass 
but which move with different velocities. The answer is that all such 
paths lie on the surface of a cone, and that (‘ach kind of particle 
has its own cone ; there is one cone for hydrogen, another for 
oxygen, and so on. Tlius one cone is sacred to hydrogen, and if it 
exists there mvst be hydrogen in the vessel ; so that if we can detect 
the different cones produced from the original pencil, v;e know at once 
the gases that are in the tube. Now, there are several ways of 
identifying these cones, but I shall only refer to the one I have used 
in the experiments [ wish to bring before you this evening. These 
moving electrified particles, when they strike against a photographic 
plate, make an impression on tl>e plate, and a record of the place 
where they struck the plate can ])c obtained. Thus, when a plate is 
placed ill the way of the particles streaming along these cones, the 
sections of these cones by the plate (parabolas) are recorded on the 
photograph, hence we cjin identify these cones by the parabolic 
curves ret’orded on the photograph, and these parabolas will tell us 
what gases are in the vessel. 

The first application of the method which I shall bring before 
you this evening is to detect the rare gases in the atmosphere. Sir 
James Dewar kindly supplied me with two samples of gases obtained 
from the residues of liquid air ; the samples had been treated so that 
one might be expected to contain the heavier gases, the other the 
lighter ones. I will take the heavier gases first. The photograph 
for these is shown in Fig. 2. When the plate is meiisuredup it shows 
a faint line corresponding to the atomic weight 128 (xenon) ; a 
very strong line corresponding to the atomic weight 82 (krypton), 
a strong argon line 40 (argon), and the neon line 20. There are no 
lines unaccounted for, and hence we may conclude that in the atmo- 
sphere there are no unknown gases of large atomic weight occurring 
in quantities comparable with those of xenim or krypton. This 
result gives an example of the convenience of the method, for a 
single photograph of the positive rays reveals at a glance the gases 
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in the tube. I now turn to the photograph of the lighter constituents 
shown in Fig. ; here we find the lines of helium, of neon (very 
strong), of argon, and in addition there is a line corresponding to an 
atomic weight 22, which cannot be identified with the line due to 
any known gas. I thought at first that this line, since its atomic 
weight is one-half that of CO. 2 , must be due to a carbonic acid 
molecule with a double charge of electricity, and on some of the 
plates a faint line at 44 could be detected. On passing the gas 
slowly through tubes immersed in liquid air the line at 44 com- 
pletely disappeared, while the brightness of the one at 22 was not 
affected. 

The origin of this line presents many points of interest; there 
are no known gaseous compounds of any of the recognized elements 
which have this molecular weight. Again, if we accept Mendeleef’s 
Periodic Law, there is no room for a new element wi'^h this atomic 
weight. The fact that this line is bright in the sample w'hen the 
neon line is extraordinarily bright, and invisible in the other when 
the neon is comparatively feeble, suggests that it may possibly be a 
compound of neon and hydrogen, NeH^, though no direct evidence 
of the combination of these inert gjises bus hitherto been found. I 
have two photographs of the discharge through helium in which 
there is a strong line, 6, which could be explained by the compound 
lleHg, but, as I have never again been able to get these lines, I do 
not wish to lay much stress on this point. There is, however, the 
possibility that we may be interpreting Mendeleef’s law too rigidly, 
and that in the neighbourhood of the atomic weight of neon there 
may be a group of two or more elements with similar prop(^ies, just 
as in another part of the table we have the group iron, nickel, and 
cobalt From the relative intensities of the 22 line and the neon 
line we may conclude that the quantity of the gas giving the 22 line 
is only a small fraction of the quantity of neon. 

Let me direct your attention again to the photograph of the 
heavier gases in the atmosphere. You will notice that the parabolas 
corresponding to many of the elements start from points which are 
all in the same vertical line ; this indicates that the atoms or molecules 
which form these parabolas all carry the same charge. Several of 
these fines, however, do not follow this rule ; you will notice, for 
example, that the neon fine has a prolongation which comes nearer 
than the normal line to the vertical fine drawn through the unde- 
flected spot. Meiisurement of the photograph shows that the neon line 
begins at a distance from this vertical fine which is only hajf the 
normal distance ; this shows that some of the neon atoms in the 

C itive rings posseai two charges of electricity ; the majority of them, 
^ever, only possess one. If you examine the argon line you will 
find that it comes even nearer to the vertical than the neon fine : in 
fact, it begins at a distance from the vertical only one-third of the 
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normal distance ; this proves that the argon atom can have as many 
as three charges of electricity. If now you examine the krypton line 
you will find that it comes nearer to the vertical line than even the 
argon ; its least distance is one-fourth of the normal distance, showing 
that the krypton atom may have as many as four charges. The 
mercury line comes so close to the vertical line that it is only on large 
photographs that it can be seen that there is in reality an interval ; 
this interval is only one-eighth of the normal interval, showing that 
mercury may acquire eight positive charges, i.e. that it may lose eight 
corpuscles. The mercury atom when it is on this line must have 
only the normal charge, i.e. it must have regained all but one of the 
corpuscles it previously lost ; if it had retained two positive charges 
it would have been on the line corresponding to the atomic weight 
200/2 or 100 ; if it had retained 3, or 1, 5, 6, 7, 8, on the lines 
corresponding to the atomic weights, 200/3, 200/4, 200/5, 200/6, 
200/7, 200/8 respectively. All these except the last have been 
detected on the plate. The lines corresponding to the multiple 
charges on krypton, argon, and neon have also been detected. It 
appears, then,, that in a vacuum tube a mercury atom, for example, 
may be ionized jii two ways ; in the one way the atom loses one 
corpuscle, in the other it loses eight. I would suggest that these two 
tyi^es of ionization may result from the two different tyi)esof collision 
which the atom must experience. The first type is collision with a 
corpuscle ; since the corpuscle is an exceedingly small body moving 
with a very great velocity, it can pass freely through the atom, 
and the collision it makes with the atom is really a collision with 
a corpuscle inside the atom ; this may result in the corpuscle it 
strikes acquiring such a great velocity that it is able to escape from 
the atom ; this type of collision will result in the detachment of a 
single corpuscle. The second type of collision is when the atom 
collides with another atom and not with another corpuscle ; the result 
of this collision may be that the atom suffers a sudden change in 
its velocity. This change is not at first shared by the corpuscles, 
so that these just after the collision may have a very considerable 
velocity relative to the atom. If there are several corpuscles which 
are comparatively loosely attached to the atom, these may all be 
detached from it and leave it with a positive charge corresponding 
to the number shaken out. It is this type of collision which we regard 
as giving the multiply-charged ions, and we see that the magnitude 
of the charge is a measure of the number of corpuscles in an atom 
which are readily detachable from it. Wc have seen that the greater 
the atomic weight the greater the charge it can acquire, the maximum 
charge being roughly proportioned to the square root of the atomic 
weight, hence the heavy elements have a larger number of detachable 
corpuscles than the lighter ones. 

Another application of the method I should like to bring before 
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you is tlie use of it for the discovery and investigation ot a new sub- 
stance. I have in previous lectures said that sometimes there 
appeared on the plates a line corresponding to a particle witli an 
atomic weight 3 ; this must either be a new element of a polymeric 
modification of hydrogen, represented by H3. The other possibility 
that it is a carbon atom with four charges is put out of court by the 
fact that it frequently 000111*8 when the carbon line is excei‘dingly 
faint, and when there is not a trace of a carbon atom with even two 
charges, though the doubly-charged carbon atom occurs readily 
under certain conditions. In addition to this, the carbon atom para- 
bola never approaches the vertical near enough to allow of its having 
four charges. I thought the study of the substance producing this 
line would be of interest, and I have for some time been working at 
it ; and although the research is by no means completed, I have 
obtained some results which I should like to bring before you. 

At first I was greatly hindered by not knowing the conditions 
under which the line occun*cd ; although it appeared from time to 
time on the plates, its appearance was always fortuitous, and some- 
times for weeks together the plates would not show a trace of the 
line. The line sometimes appeared, but why it did so was a mystery, 
and I could not get it when I wanted it. I began an investigation, 
which proved long and tedious, to find the conditions under uhich 
the line appeared. I tried filling the discharge- vessel with all the 
gases and vapours described in the books on chemistry without 
success. At last 1 tried bombarding various substances with aithodo 
rays. Under this treatment the substances give off considerable 
quantities of gas the greater part of which is h}drogen, carbonic acid 
or carbon monoxide. When I came to analyse by the posTEive rays 
the gases given off in this way, I found that with a large number of 
substances these gases contained the substances giving the three lines, 
so that I was now in a position to get this line whenever I wanted it, 
and investigate the properties of the gas to which it owes its origin. 
The question of the gases absorbed and given off by solids is an ex- 
tremely interesting one, and a considerable number of investigations 
have been made on it. In all these, as far as I know', the method has 
Ixjen to heat the solid to a high temperature, and then measure and 
analyse the very considerable amount of gas which is driven off by 
the heating. As far as I know', no experiments have been made in 
which the gases were driven off by bombardment with cathode rays. 
This treatment, however, will cause the emission of gas even when 
ordinary heating fails to do so. 

Belloc, who has recently published* some interesting experiments 
on this subject, after spending al)out six months in a fruitless attiunpt 
to get a piece of iron tn a state in which it w*ould no longer give 0ff gas 


♦ Ann. de Ghimie et de Physique [8], xviii, p. 569. 
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when heated, came to the conclusion that, for practical purposes, a 
piece of iron must be regai ded as an inexhaustible reservoir of gas. 
There are some interesting features about the emission of gas from 
a heated solid. If the body is kept for a long time in a vacuum at a 
high temperature, the emission of gas becomes too small to be detected; 
if afCer this treatment the temperature is raised considerably, 
there v\ ill be a further copious emission of gas, which again diminishes 
as the heating continues. After it has fallen to zero, all that is neces- 
sary is to raise the temperature again and you will get a fresh supply 
of gas ; and as far as my experience goes, after you have got all the 
gas you can out of the solid by heating it, you have only to expose 
it to cathode rays to get a fresh outburst. This effect of increased 
temperature in renewing the stream of gas from the solid seems to 
me to be too large to be accounted for merely by an increase in the 
rate of diffusion of the absorbed gas from the interior to the surface ; 
it seems to be more analogous to the case of the emission of the 
water of crystallization from some salts. There are some salts, 
for example, copper sulphate, which when heated lose their water 
of crystallization in stages ; thus, if the temperature is raised to a 
certain value, some of the water of crystallization comes off, but the 
rest remains fixed, and you may keep the salt at this temperature 
for ever without getting rid of all the water of crystallization ; on 
raising the temperature, however, fresh water of crystallization is 
given off. 

Something ol this kind seems to take place in the case of gases 
absorbed in metals, and there recin to be indications that there 
is some kind of chemical combination between the gas and the 
metal. This absorlxjd gas may influence the behaviour of the sub- 
stance. For example, an ordinary carbon filament gives off, w’hen 
raised to a wdiite heat, large quantities of negatively electrified cor- 
puscles ; but Pring and Parker * have shown that when great precau- 
tions are taken to get rid of the absorbed gas, the emission of these 
corpuscles falls to less than one-millionth of their previous value. 
It is in the gases given off by certain metals >vhen they are bombarded 
by cathode rajs that I have found an unfailing source of the substance, 
which I shall denote by Xg, giving the line corresponding to the 
atomic weight 3. Tlie arrangement I have used for investigating 
the presence of this gas is showu in Fig. 4. A is a vessel communi- 
cating with the bulb B in which the positive rays are produf‘ed by 
two tubes, one of which is a very fine capillary tube, while the other 
one is five or six millimetres in diameter ; taps are inserted so that 
one or both of these vessels can be closed, and the vessels A and B 
isolated from each other. A is provided with a curved cathode such 

• Phil. Mag., ixiii. p. 192. 
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as are used for Rontgen ray focus tubes, and the cathode rays focus 
on the platform on which the substance to be bombarded is placed. 
[It is not absolutely necessary to focus the cathode rays in this way, 
but it makes the supply of the gas X3 more copious.] After the 
metal or other solid to be examined has been placed on the platform, 
the taps between A and B being turned so as to cut off the connexion 
between them, A is exhausted until the vacuum is low enough to 
give the cathode rays ; the discharge is then sent through A, and 
the catliode rays bombard the solid. The result of this is that in a 
few seconds so much gas, mainly COg and hydrogen, is driven out 
of it that the pressure gets too high for tlie cathode rays to be formed, 
and unless some precautions to lower the pressure were taken the 
bombardment would stop. To avoid this, a tube containing charcoal 
cooled by liquid air is connected with A, and this absorbs the CO^ 
and enough of the hydrogen to keep the vacuum in the cathode ray 
state. To see what new gases are given off in consequence of the 
bombardment, a photograph is taken while the connexion between 
A and B is cut off. After this is finished, and when the bombardment 
has gone on for about four hours, the tap is turned and a little of 
the gas from A is allowed to go into B ; another photograph is 
taken, and those lines in the second photograph which are not in the 
first represent those gases which are liberatea by the bombardment, 
and which have escaped being absorbed by the charcoal. I have 
here a slide (Fig. 5 ) representing the result of bombarding nickel. 
There are two photo^phs, one (a) before turning the tap and the 
other iP) after ; in the second you see the three line vcry^aistinctly, 
while it is absent from the first, showing that the gas 'giving the 
three line has lieeii liberated by the bombardment. I have got similar 
results to these when, ihstejid of nickel, iron, copper, lead, zinc have 
been bonjbarded. I have tried two specimens of meteorites kindly 
lent to me from the Mineralogical Museum, Cambridge, and found 
there the three line. Nearly every substance I have tried gives, the 
first time it is bombarded, the helium line as well as this line due to 
Xg ; if, however, the same substance is bombarded a second time, 
the helium line is in general absent (occasionallv it is still to be 
detected, though exceedingly faint) ; and on the third bombardment 
is invisible in all the substances I have tried except monazite sand, 
where it is given off in exceedingly large Quantities as long as the 
bombardment continues. It is remarkaWe that monazite sand, which 
contains so many elements, gives no trace of the three line when 
bombarded. 

I have also obtained the X3 line and also the helium line when 
the tube A was reiJfaced by one containing a Wehnelt cathodct; with 
this the current of cathode rays through the tube was much larger 
than with the other cathode, though the velocitv of the rays was 
smaller. The Wehnelt cathode gives the line without placing pieces 
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of metal in tlie tube, so that in this case nothing is bombarded by 
the cathode rays but the glass walls of the tube ; the strip of metal 
forming the cathode is, however, bombarded by the positive rays. 

The three line when present at all continues even though the 
bombardment is very prolonged. In some cases the bombardment has 
been prolonged for twenty hours, and at the end of that time the line 
seemed almost as bright as at the beginning ; indeed I could not feel 
certain that there was any difference. This might lead one to sus- 
pect that X3 was manufactured from the lead or other metal by the 
bombardment rather than stored up in it, and this view might 
be regarded as receiving some support from the fact that very 
little of the X3 is liberated by heating. The following experiment 
is an illustration of this. I took a piece of lead, and instead of 
bombarding it with cathode rays 1 placed it in a quartz tube con- 
nected with vessel A, and heated the tube to a bright red-heat for 
several hours. Large quantities of CO2 and hydrogen were driven off 
by this process ; this was absorbed by charcoal, and the residual 
gases, which had accumulated in A, were admitted into the vessel B ; 
the X3 line .and. h^iuin line could just be detected, and that was all. 
I then gave the lead a second heating, this time raising the tempera- 
ture until the quartz was on the point of softening. The lead was 
boiling vigorously ; the heating w^as kept up for about three hours. 
In this time about three-quarters of the lead had boiled away. I then 
let the gases which had been given off at the second heating into the 
vessel B, and took another photograph ; no trace of the line due to 
X3 or helium could be detected. The fraction of the lead which had 
not been boiled away was now placed in A and bombarded by cathode 
rays. It now gave the three line quite distinctly ; the helium line 
was visible, but faint. By the bombardment with the cathode rays 
the lead was only just melted, so that the average temperature was 
much less than when it w^as heated in the quai'tz tube. Thi.s rather 
suggests that the X3 might be due to a kind of dissociation of the 
metal by the cathode rays, and not to a liberation of a store of that 
substance. Another experiment shows, however, that for lead, at 
any rate, this view is not tenable. I took some lead w'hich had just 
been deposited from a solution of lead acetate by putting a piece of 
zinc into the solution, and forming the well-known lead-tree. When 
I bombarded this freshly precipitated lead, I could get no trace of the 
X3 line ; the helium line, too, was absent. I then tried another ex- 
periment. I took a piece of lead and divided it into two parts. The 
first of these I bombarded by the cathode rays : it gave the X3 line 
quite distinctly. The other part I dissolved in boiling nitric acid, 
getting lead nitrate. The nitrate was heated and converted into 
oxide, and this was bombarded by the aithode i-ays ; it did not give 
the X3 line, showing that the X3 is not produced by the bombard- 
ment, but is something stored up in the lead, which can be detached 
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from it when the lead is dissolved. I have tried several samples of 
lead ; the one which gave the X3 line most distinctly was a piece of 
lead from the roof of Trinity College Chapel, several hundred years 
old. A sample of Kahlbaum’s chemically pure lead, which must, I 
suppose, at no distant date have been subjected to severe ordeals by 
lire and water, showed the line quite distinctly, thougli not so well 
as the older lead. I have tried similar experiments with iron, and 
found that iron which gave the three line very distinctly ceased to do 
so after it had been dissolved in acid. 

As the most obvious explanation of X3 is that it is Hg, bearing 
the same relation to hydrogen that ozone does to oxygen, and pro- 
duced in some way from the hydrogen dissolved in the metal, I tried 
if I could produce it by charging metals with large quantities of 
hydrogen, and then seeing if the hydrogen coming from the metal 
gave any traces of H3. Thus, for example, I tested the hydrogen 
given off from hot palladium, but found no trace of Xg. I then 
charged nickel at a temperature of about C. with hydrogen in 
the way recommended by Sabatier, but found no increase in the 
brightness of the X3 over nickel that had not been deliberately ex- 
posed to hydrogen. I tried if the brightness of the line would be 
increased % adding hydrogen to the bulb A, in which the bombard- 
ment took place, but found no effect. I also tried adding oxygon to 
this bulb, thinking that if it was Hg it would combine with the 
oxygen, and thus lie eliminated, but no great diminution in the 
intensity was produced by this treatment. The gas seems quite 
stable, at least it can be kept for several days without suffering any 
diminution that can be detected ; indeed, when once it has^ot into a 
bulb, there is considerable difficulty in getting the bulb free from it. 
It must be remembered, too, that by the method it is produced the 
gas is subjected all the time to electric discharges w^hich would 
break it up unless it possesses very great stability. Thus if Xg is a 
polymeric modification of hydrogen, it must possess the following 
properties : — 

1. It must be very stable. 

2 . It must resist the action of oxygen. 

It must not be decomposed by long-continued exposure 
to the electnc discharge. 

These are properties which a priori we should hardly havt* ex- 
pected an allotropic modification of hydrogen to possess. 

Mendeleef predicted the existence of an element with an fetomic 
weight 3 . According to him this element should be intensely 
electro-negative and possess the properties of fluorine to an axagge- 
iated extent. The gas Xg can, however, be kept in glass vessels, which 
we should not expect to be possible if it possessed more than fluorine’s 



LIBRARY OF SCIENCE 3O5 

power of combining with glass. I prefer to defer expressing any 
opinion as to the actual nature of the gas until I have had the oppor- 
tunity of making further experiments upon it. It is only about 
two mouths ago that I found how to get the gas with any certainty, 
and, as the method involves long bombardments, each experiment 
takes a considerable time. This has prevented me from making 
several experiments which suggest themselves, and which ought to be 
made before coming to a final decision. I thought, however, that 
the investigation, though incomplete, might not be unsuitable for a 
Friday evening discourae, as the gas, whatever its nature, is certainly 
one of considerable interest, and its detection illustrates the delicacy 
of this new method. 

[J. J. T.] 



Friday, February 2H, 1913 

The Right Hon. Lord Rayleigh, O.M. M.A. D.C.L. LL.U. 
D.Sc. F.R.S., in the Chair. 

Professor The Hon. R. J. Strutt, M.A. F.R.S. 

Active Nitrogen. 

Everyone has heard of ozone, the active modification of oxvgen, 
whicli is produced when this gas is subjected to electric discharge. 
I hope to show you to-night that nitrogen can also be made to assume 
an active state under suitable experimental conditions. We will begin 
with an experiment (Fig. 1) whicn will serve to introduce the subject. 

A rapid stream of rarefied nitrogen gas passes through the tube a 
at a pressure of a few mm. of mercury, and on its way the gas 
is sparked through by a senes of high tension electric discharges 
from a Leyden jar. It then issues as a jet into the large ve^Nsel 6, 



where it is seen to be brilliantly luminous, the stream of gas bein 
visible as a whirling cloud of brilliant yellow light. Notice that 
this light is of a different colour from that of the electric discharge 
in the former vessel. 

Why does the gas remain luminous in this way for an appreciable 
time after the electric discharge has passed through it ? The view 
which I shall develop this evening is that the discharge has split the 
nitrogen molecules into single atoms. Nitrogen atoms in this ctondi- 
tion are uneasy, and are anxious to find partners again. But to do 
this takes time. The reunion of the nitrogen atoms is attended with 
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the emission of the yellow light which you see, and this continues as 
long as the process of pairing off is incomplete. 

Preliminary to even considering this theory, w^e must be certain 
that nothing but nitrogen is necessary to the success of the experi- 
ment, and that no other substance intervenes. Some experimenters 
in Germany have recently expressed the opinion that traces of oxygen 
are concerned. I am satisfied, however, that they are entirely mis- 
taken. The nitrogen used in the experiment you have just seen has 
been standing in contact with phosphorus until the phosphorus no 
longer glows in the dark. If I added a of oxygen to 

the nitrogen, the phosphorus would begin glowing again quite 
perceptibly. So we may be sure that there is not that amount of 
oxygen present; and I do not think it is reasonable to attribute 
these brilliant effects to a smaller amount. Again, we may enquire 
what is the effect of adding oxygen intentionally ? I find that the 
addition of 2 per cent of oxygen is enough to obliterate the phe- 
nomena altogether. Much more might be said on the subject, but 
we must pass on. 

It is convenient for some purposes to experiment in a different 
way. We have here two similar glass globes containing rarefied 
nitrogen. I can induce an electric discharge in them without elec- 
trodes by putting them in this coil of wire, through which a Leyden 
jar is coiistiintly discharging. When 1 withdraw them you see that 
they are brilliantly luminous, and that they remain so for several 
minutes after stimulation. By holding thorn alternately in the 
exciting coil we can get them about equally bright, and you see that 
the luminosity of each decays at about the same rate. Now^ I stimu- 
late them equally again, and cool one down by immersing it in liquid 
air. It shines brightly for a moment, but soon becomes quenched. 
I withdraw it, and you can compare it with the other, which is still 
briglitly luminous. 

This experiment shows that cooling the gas shortens the period 
of luminosity. Let me show you next that the brilliance is increased 
by cooling. I have exhausted this bulb to a suitable degree, and 
cool the neck by immei-sion in liquid air, contained in a transparent 
vessel (Fig. 2). You see how much brighter the cooled portion is 
after excitiition than the rest of the bulb. There is no doubt a 
certain ambiguity in this form of experiment, because cooling a 
portion of the vessel causes a local concentration of the gas in that 
portion. I must ask you to take it from me that special experiments 
nave proved that this anise is not enough to explain the greatly 
increased brightness you have seen. The reunion of nitrogen atoms 
occurs then more quickly the lower the temperature. Tl'his is a 
unique instance of a chemical action being quickened by cooling. 
In all other cases heating accelerates the action. Plausible objections 
may be made to this statement, but I must content myself now with 
saying that they admit of answer. 
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When oxygen and hydrogen unite, the union may occur in two 
distinct ways. It may occur with luminosity throughout the volume 
of the mixture, as wnen the gases are exploded, or, again, it may 
occur at the surface of a solid such as clean platinum. In the latter 
case there is no luminosity. 

Similarly, active nitrogen atoms may reunite in the volume of 
the gas with luminosity — this we have seen already — or the com- 



bination may occur without luminosity at a suitable surface. Oxidized 
copper affords such a surface. This bulb (Fig. 3) can be made to 
glow like those you have seen before, by inserting it into a coil ; and 
if the copper wire is situated in the side tube the glow lasts a long 
time, for the gas has^ as yet no access to it. But if I excite the gas 
again, and turn the bulb round so as to drop the oxidized wire into 
it, you see that the luminosity is extinguished in a fraction of a 
second. Combination of the nitrogen atoms occurs much more 
quickly at the surface, so that the whole quantity of active nitrogen 
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present is almost instantly used up. Incidentally, the experiment 
illustrates the extremely rapid diffusion of the gaseous residuum in 
an exhausted vessel, for every particle of the active nitrogen must 
evidently find its way to the surface of the wire in the fraction of a 
second. 

We pass now to consider the effect of nitrogen in this condition 
on other substances. The yellow glow we have studied so far is due 
to the recombination of nitrogen atoms, and accordingly it shows a 
nitrogen spectrum, though with very curious modifications. 

If we offer to the monatomic nitrogen other substances, it will 
often unite chemically with them, which of course cold ordinary 
nitrogen will not do. I go back to the apparatus used in the first 
experiment, and admit some acetylene by a stopcock (c. Fig. 1). 
The jet of active nitrogen now enters an atmosphere of acetylene, 
and you see that the character of the light is at once changed ; it 
has become lilac. I turn off the acetylene and substitute chloroform 
vapour. We now get an orange light. This may appear very 



different, but the difference is unessential. The spectrum is in each 
case that characteristic of cyanogen and its compounds, only the violet 
portion of this spectrum is more intense with acetylene, the red 
portion with chloroform. 

Since we get the cyanogen spectrum without having any cyanogen 
compound originally present, we may suspect that some such com- 
pound has been formed. Let us pass from suspicion to proof. 
Using chloroform vapour from a bulb containing the liquid (see 
Fig. 1), we pass the gases through a vessel in which a test-tube is 
inserted. This test-tube contains liquid air, and any condensable 
constituent is frozen out on to its external surface (Fig. 4). After a 
few minutes’ run, we take out the test-tube and dip it in a solution 
of potash. I now add a mixture of ferrous and ferric salts and excess 
of hydrochloric acid. I pour out the liquid on to this white porcelain 
dish, and you see that abundance of prussian blue has been formed. 
This proves the presence of some cyanogen compound. 

We can get the same result with pentane, ether, benzene, or 
almost any other organic vapour. With these the amount of cyanogen 
formed is much the same, but the cyanogen spectrum, curiously 
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enoagh, is far less conspicuous. Benzene, for instance, almost 
quenches the nitrogen glow, and little can be seen of the cyanogen 
spectrum either. In most cases it appears that hydrocyanic acid is 
formed, *but the orange cyanogen glow, only obtained in compounds 
containing much chlorine, is probably due to the formation of 
chloride of cyanogen in addition. This, when absorbed in potash, 
forms a cyanate, which has been detected chemically. 

In the case just considered, the spectrum observed, when active 
nitrogen is mixed with another substance, is that of the product of 



the action. In some cases, however, the spectrum developed is that 
of the substance originally introduced. I admit some of the vapour 
of perchloride of tin : you see the brilliant blue glow. I introduce a 
drop of the liquid chloride on a wire loop into the flame of a Bfinsen 
burner, and you see the same blue colour, though less advantage<)usly. 
The brilliance of the luminous effect does not seem to give any 
trustworthy indication as to whether much chemical action is going 
on. If, for instance, we admit bisulphide of carbon vapour to the 
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active nitrogen stream, we do not get very brilliant effects of 
luminosity — nothing striking enough to be worth showing you — but 
none the less interesting chemical actions are going on. The tube in 
which the action occurs gets covered with the dark blue transparent 
deposit, which I show by projection on the screen. This substance 
is a known compound of nitrogen and sulphur, originally investigated 
by Mr. Burt in 1910. If the gases are condensed farther on in the 
tube by liquid air, we get a second deposit of brown colour, which 
can be identified as the brown polymeric carbon monosulphide studied 
by Sir James Dewar and the late Dr. U. 0. Jones. You see, then, 
that the chemical action is completely traced. Active nitrogen takes 
part of the sulplmr from carbon disulphide, leaving carbon mono- 
sulphide. 

The behaviour of active nitrogen with metallic vapours is of 
interest, though it has not yet been very completely studied. I select 
the case of mercury to show you. We pass the stream of glowing 
gas through this tube, which contains a small pool of mercury. 
While the mercury is cold, the yellow glow passes on unaffected. I 
apply heat, and trreeu mercury light, of the colour familiar in the 
mercury vapour lamps used in electric lighting, is apparent, when 
active nitrogen mingles with mercury vapour. Soon the tube gets 
obscured, except when I am actually heating it, by a dirty looking 
solid deposit containing much metallic mercury. 

I wish to convince you that an explosive compound of nitrogen 
and mercury has been formed. For this purpose, to save the trouble 
of dismounting the tube already used, we will take a similar one pre- 
pared beforeliand. I heat the mercurial deposit moderately over a 
Bunsen burner, and, if you will kindly be quite still for a moment, 
we shall hear a distinct crackling sound, as the explosive compound 
decomposes. At close quarters it is easy to see flashes of light 
accompanying the minute explosions, but these can scarcely be shown 
to an audience, as the opaque deposit over the greater part of the 
tube obscures them. 

It has only been possible this evening to bring forward p selection 
of the results of two years’ work on this subject at the Imperial 
College, with generous help from colleagues, and facilities provided 
by the Governors. 

Let me conclude by reading to you a prophetic passage from one 
of Faniday’s letters to Schonbein : — “ What of nitrogen ? Is not its 
apparent quiet simplicity of action all a sham ? Not a sham, indeed, 
but still not the only state in which it can exist. If the compounds 
which a body can form, show something of the state and powers it 
may have when isolated, then what should nitrogen be in its separate 
state ? You see I do not work ; I ciiimot. But I fancy, and stuff 
my letters with such fancies (not a fit return) to you.” 


[R.J.S.] 



Friday, March 7, 1918. 

The Right Hon. Lord Rayleigh, O.M. D.C.L, LL.D. F.R.S., 

in the Chair. 

C. T. R. Wilson, Esq., M.A. F.R.S. 

Photography of the Paths of Particles Ejected from Atoms. 

[Abstract.] 

The phenomena of radioactivity are known to be due to the ejection 
from the atoms of the radioactive elements of two kinds of particles 
which travel with enormous velocities : (1) the alpha-particle, which 
is a positively charged helium atom having a mass four times that of 
the hydrogen atom ; (2) the beta-particle, winch carries a neirative 
charge only half as large as the positive charge of the alpha-particle 
and has a mass less than the 1700th part of the hydrogen atom. 

The velocity of the fastest beta-particles approaches verv nearly 
to that of light, that of the alpha-particles being considerably h‘ss but 
still exceeding 10 OOO miles a second. 

By the action of Rontgen and other radiations, we can cause 
electrons or corpuscles which are identical with the beta-particles lo be 
expelled from the atoms of any element with velocities comparable 
with those with which the alpha-particles are ejected from radium. 

Th^ methods which' have been used hitherto in the study of the 
paths of these projectiles and of the effects produced by them in their 
flight have been somewhat indirect. The actual paths of individual 
particles have not been observed ; it has lieeri necessary to invotiirate 
the combined effects of a large number of particles. 

It is true it has been found possible by two different methods to 
detect effects arising from the action of a single alpha-particle. 
Thus Rutherford introduced a method in which effects due to the 
ions set free along the pith of a single alpha-particle could be 
detected by an electrometer ; again in the (Vookes spmtharoscope 
each alpha-particle causes a starlike point of light to flash forth 
momentarily where it strikes the pn*pare(l screen. But it has not 
been found possible by such methods to detect effects arisimr from a 
single beta-particle. 

It IS plain that a great advance would be made if it were jibssible 
to induce each alpha- or beta-pirticle to leave a visible trail behind 
it along ii.>> whole course and to photograph this trail. This is what 
is accomplished by the method now described. 
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Each alpha- or betii-particle, in the course of its flight through a 
gas like air, traverses large numbers of the atoms of the gas. 
According to modern theories, such as those developed by Sir J. J. 
Thomson and Rutherford, each atom may be regarded as a sort of 
miniature solar system in whicli the planets are represented by 
neiratively charged oorpiiscles or electron^ ; the forces with which we 
are concerned being of course electrical and not gravitiitional. 
When either an alpha- or a beta-particle ])asses near one of the 
members of the system, there are forces tending to deviate the flying 
particle from its otherwise straight course and to cause distuihances 
ill the path of the plant*tary electron ; these may be violent enough 
to cause the electron to escape from the system. An electron thus 
set free will become attached finally to some other atomic system, 
whicli thus acquires a negative charge, whilst the atom which 
has lost an electron has been left with an exce•^s of positive elec- 
tricity. We thus get positively and negatively charged atoim or ions. 

Now a method of making visible the individual ions has long 
been available. Molecules of water or of other vapours attach them- 
selves more r<*ndilv to ions tlian to un<*barged atoms or molecules. 
Thus, in the absence of other nuclei on which vapour can condense 
more readily, su(‘h as those called dust particles by Aitken, it is 
po'^sible to arrange that every free ion shall act as a nucleus and 
cause the condensation of water vapour, whilst none condenses else- 
where. Each invisible ion may thus be converted into a visilde 
w'ater drop. The sii])ersatarated condition necessary in order that 
water vapour may condense on the ions is most conveniently produced 
by the sudden expansion of inoi'-t air 

The advance which 1 have recently succeeded in making in the 
■condensation method of studying ionization is tliis. d'he ions are 
now captured and converted into \isible water drops in the ])ositions 
which they occupied immediately after their libemiion by the ionizing 
agent; the eloiid of drops is then at once photographed. Tims the 
invisil>le trail of ions left beiiiiul along tie* course of any ionising 
particle is converted into a visible line of cloud of whicli a photo- 
gra[)h is secured. In this way a record is obtained of the path of 
each projectile by making visible the atomic wreckage it has caused 
in its pas.sHge through the air or otlier gas. In many cases the indi- 
vidual ions produced along tlie tracks are visible in the pbotoiira ])llS. 

Ill order that imdistorted pictures showing the result of the 
pa.ssage of the various rays may be obtained, it is essential tliat the 
expansion should be effecied wdtlumt stirring up the gas. This 
condition is secured bN using a wide shallow cloud chamber of which 
the floor can be made to drop suddenly and so produce tlie desired 
increase ot volume (Eig. 1).* 


* Tho apparatus is described in the Proceedings of the Royal Society, A., 
vol. 87 (1912), p. 277. 
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It is hardly necessary to say that the cloud chamber must be freed 
from dust particles and all nuclei on which water readily condenses 
This is easily done by repeated expansions, each too small to cause 
condensation on the ions, any cloud formed being always allowed to 
settle before making another expansion. 

The cloud chamber must be free from ions other than those 
produced by the ionizing agent under investigation. Since ions are 
always being produced even under normal conditions within a closed 
vessel, it is necessary to maintain an electric field between the top 
and bottom of the cloud chamber, so that they may be removed as 
fast as they are produced. 



Of>e very practical point m connexion with the cloud chamber 
remains' to be mentioned. It is necessary that the interior should be 
maintained in a nearly saturated condition and yet that the roof and 
wails should be transparent and admit of a clear and undistorted 
view of the contents. A glass vessel containing moist air soon 
becomes coated internally with a dew-like deposit of minute drops. 
This difficulty is completely avoided by covering the inner surface of 
the glass with a film of gelatine. 

The moist gelatine under the plate-glass roof of the cloud 
chamber forms a conducting film which is connected through a 
marginal ring of tinfoil with one terminal of a battery of cells, the 
other terminal being connected to the floor. In this way, $ nearly 
uniform vertical electric field is maintained between the roof and 
floor of the chamber. The floor isYirtually a pool of water made 
solid by the addition of gelatine and blackened by means of ink so 
that it forms a dark background for the clouds. It is supported by 
a glass plate which forms the top of a hollow cylindrical plunger 
working in water. 
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As regards the actual mechanism for causing the sudden drop of 
the floor of the cloud chamber, it is sufficient to state that the space 
below the pluuger can be put in communication, through wide tubes, 
with an exhausted chamber by suddenly opening a valve. 

In order that the ionizing particle should leave sharply defined 
cloud trails, it is necessary that they should traverse the moist gas 
immediately after this has been expanded while the water vapour is 
still supersaturated to an extent considerably exceeding the minimum 
which is required to cause condensation on the positive ions (which 
are more difficult to catch than the negative). Under these 
conditions, the ions lose their mobility and grow into visible drops 
before they have had time to diffuse appreciably away from the 
original track of the ionizing particle. 

If the clouds formed by condensation on the ions are to be 
photographed, it is necessary to expose them to an instantaneous 
illumination of great iiilensity while the camera is in position. The 
instantaneous illumination is obtained by a Leyden jar discharge, the 
arrangement being essentially the same as that used by Lord Ray- 
leigh in phpt^>’4riphing jets of water and by Worthington in his study 
of the splash of a drop. 

I have, however, allowed the spark to traverse mercury vapour at 
atmospheric pressure instead of air, the brightness being thereby 
greatly increased. 

The spark, of course, has to be suitably timed, so that the cloud 
trails may be illuminated after the drops composing them have 
grown sufficiently to scatter plenty of light but before there has 
been any appreciable disturbance of the air by convection cur- 
rents. 

Figs. 2 to 13 are pictures obtained by this method. It is 
perhaps necessary to point out they are all photographs of clouds 
consisting of minute water drops condensed upon ions, for many of 
them have a very uncloudlike appearance. 

Fig. 2 is a photograph of the tracks of some alpha-particles shot 
out from a minute quantity of radium placed within the cloud 
chamber, the camera looking down through the plate-glass roof. 
From the atoms of radium, alpha-particles are continually being 
projected with velocities of many thousands of miles per second, each 
producing more than 1U0,00() ions in the course of its flight. Under 
ordinary conditions the trail of ions left behind by each particle is 
invisible ; those formed by particles which have traversed the super- 
saturated air of the cloud chamber immediately after its expansion, 
however, are at once converted into visible cloud trails. These form 
the sharply defined spokes or rays of the picture. The more diffuse 
cloud rays are the tracks of particles which have traversed the air 
before its expansion, the ions having thus had time to wander out of 
the original track before losing their mobility through the conden- 
sation of water upon them. The electric field maintained in the 
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cloud chamber fixes a limit to the a^e and hence to the diffuseness of 
the trails which are rendered visible ; under the actual conditions 
any free ions would be driven by the electric force to the roof or 
floor within less than a fifth of a second after being set free. None 
of the ions made visible has had a free existence exceedini? this 
limit. 

It is clear that an ionizing particle, while traversing or even pass- 
ing near to an older trail of ions on which a cloud has already formed, 
will not find the vapour supersaturated to the extent necessary to 
cause condensation on the ions ; it will therefore fail to leave a 
visible trail m this region. This is doubtless the reason why the 
sharply defined trails only appear to begin at some distance- from the 
source, the older trails being most closely piicked in the region 
around the source 

By means of a suitable shutter arrangement attached to the floor 
of the cloud chamber, it is possible to prevent al}>ha-particle> from 
traversing the moist air till after the expansion. The diffuse cloud 
trails are then absent from the photographs (Fig. 8). 

The most remarkable feature of the tracks of the alpha-particles 
ifl their general straightness. Sudden bends are to be observed, 
however, practically all the rays being bent within a millimetre or 
two of their ends. In this respect, as in others, the photographs 
confirm the conclusions arrived at by less direct methods. 

In the next picture (Fig. 4) an enlargement of two of the tracks 
is shown, one of thcui having two sudden bends. The path is other- 
wise straight except very near its end. Now the alpha-particle has 
thousands of encounters with atoms of the gases of the ak* in each 
millimetre of its course by which ionization is brought about, as we 
know from measuremepts made by the electnciil method; and in 
accordance with this, the cloud particles (which are simply ions 
magnified by condensation of water) are so closely packed that they 
are not separately visilile in the photograph. It is remarkabh* that 
only two encounters out of the many thousands occurring in the 
course of its flight should succeed in deviating the particle visibly 
from its course and that in these cases the deviation should be quite 
large. 

The alpha-particle, in passing near one of the electrons of an 
atom, may impart to it sufficient energy to cause it to escajie from 
the atom, whilst on account of its own enormous inoinentuin it is not 
perceptibly deviated from its course. We can thus understand the 
general straightness of the tracks. The sudden deviations mu»t be 
due to encounters of a special kind ; according to Rutherford’s view, 
such large deviations w^ould be caused by the alpha-particle pip^sing 
uear the centre of the atom, where he supposes the positive clia^e to 
be concentrated. 

What is perhaps the most interesting feature of the particular 
track I have been describing remains to be mentioned. At the 




Fig 4. 
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second of the two bends, there is a distinct spur which one can 
hardly interpret otherwise than as being due to the recoil of the 
system which has caused the deviation of the particle. 

The next two photographs (Figs. 5, 6) show the effect produced 
in the cloud chamber by a trace of radium emanation — tlie radio- 
active gas which is the firat product of the disintegration of radium. 
Each cloud ray is a visible record of the conversion, by expulsion of 
an alpha-particle, of a single atom of the emanation into an atom of 
the next member of the radioactive series. Since the rays start in 
the gas, it is now possible to get tracks which are complete from 
beginning to end. The ends are distinguishable by the characteristic 
bend or hook. At the beginning there is an enlarged head where, 
moreover, the cloud is of greater density ; this represents ionization 
by the recoil of the atom from which the alpha-particle has 
escaped. 

It may be noticed there is a sudden bend in one of the rays with 
which there is again associated a spur-like process. 

Radioactive subsuinces emit beta-particles as well as alpha- 
particles. These produce comparatively few ions along their tracks, 
which are thus much less conspicuous when converted into visible 
cloud rays than those of the alpha-particles. They are, in con- 
sequence, more difficult to photograph, and they have not appeared in 
any of the pictures shown thus far. 

With suitable illumination, however, the droplets condensed on 
the individual ions may be photographed, provided they are not too 
closely packed. It is thus possible to study the path of any ionizing 
particle, however small the number of ions produced. ^ 

On account of the enormous velocities with which they are 
emitted — closely approaching that of light — the beta-particles are 
able to travel con8idera))re distances in the air, disttinces many times 
greater than the diameter of the cloud chamber. It is therefore 
impossible to obtain a picture ot the whole track of a single beta- 
particle. 

Here, on one plate (Fig. 7) are shown the final portions of the 
tracks of an alpha- and of a ])eta-particle The beta-ray shows much 
less intense ionization, as indicated by the comparative densities of 
the clouds ; and its devious path forms a great contrast to the straight- 
ness of the alpha-ray. 

The beU-particle, of course, is so much more readily diverted 
from its course on account of its much smaller mass. 

If, however, we catch the Iieta-partiole at a sufficiently early pttige 
of its career, wv find that its immense velocity comjieiisates for its 
very small mass and its path may Ixj sensibly straight for distanc^es of 
several centimetres, in spite of the very large number of atoms \yhich 
it must traverse. This is illustrated by the next picture (Fig. 8) 
which shows, in addition to the end of a lieta-ray, a portion of the 
trail left by a beta-particle while its velocity was still very high ; it is 
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noticeable that it is practically straight. Another result of the high 
velocity is that very few ions have been set free along this path ; for the 
faster the particle traverses an atom the shorter is the time during 
which the forces can act. The individual ions are readily dis- 
tinguishable in the photograpli ; the droplets appear mainly in pairs 
(each representing a positive and negative ion) but there are, in 
addition, here and there closely packed groups of twenty or 
thirty. 

In addition to the alpha- and beta-particles, radioactive bodies 
emit an extremely penetrating type of ionising rays — the gamma-rays 
— having properties similar to those of Rbntgen rays. If we expose 
the cloud chamber to this radiation (cutting out the alpha- and beta- 
rays by a lead screen), we see on expansion extremely line threads of 
cloud crossing the vessel in all directions. These are the tracks of 
beta-particles emitted mainly from the walls of the vessel under the 
influence of the gamma-rays. The whole of the ionization produced 
by gamma-rays appears to be, iis it were, secondary and due to the 
beta-rays. 

The remaining pictures illustrate some of the properties of Rontgen 
rays. 

In studying the nature of the process of the ionization of air by 
X-rays by means of the expansion apparatus, it is convenient to use 
an install tiineous flash of the rays produced by sending a single 
licyden jar discharge through the Crookes tube. The discharge is so 
timed that the rays pass through the cloud chamber immediately 
after the expansion of the air, so that they traverse it while it is 
supersaturated with w^ater vapour. The ions produced are thus at 
once fixed by the condensation of water vapour upon them before 
any appreciable diffusion has occurred ; the illuminating spark is 
timed to pass a fraction of a second later and so give an instantaneous 
photograph of the clouds condensed on the ions. 

Fig. 9 is a photograph showing the effect of such a flash of 
X-rays— the radiation being confined to a narrow cylindrical beam 
by lead screens provided with apertures. The photograph was 
obtained with the camera pointed horizontally through the cloud 
chamber in a direction at right angles to the beam of X-rays. 

In the light of knowledge furnished by other methods, we may 
interpret the picture in the following way. Under the influence of 
the X-rays, an atom here and there in the path of the cylindrical 
beam of X-rays has emitted a corpuscle or beta-particle with sufficient 
velocity to enable it to traverse several millimetres or even centi- 
metres of air, ions being set free along its path. It is the paths 
of these beta-particles or cathode-rays which are made visible in the 
photograph. The X-rays do not appear to produce any ionization 
other than that effected through the agency of the beta-rays excited 
by them, as indeed Prof. Bragg has long maintained. 

The only room for difference — apart from their mode of origin — 
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between the beta-rays produced by the action of X-rays and those 
emitted spontaneously by the i-adioactive substances lies in their 
initial velocity ; for there is no lack of evidence that all negatively 
charged corpuscles are alike, except in so far as their properties are 
affected by their velocity. And in fact, the tracks of the beta- 
particles or cathode-rays excited in air by X-rays are indistinguishable 
from the end portions of beta-ray tracks, such as are shown in Figs. 
7 and 8. 

The tracks are far from straight, and aa the particle approaches 
the end of its course the deviation becomes generally more and more 
marked, the particle being more easily deflected the smaller its 
velocity. 

The departure from straightness is mainly of the nature of a 
general curvature due to an accumulation of inappreciable deflections 
at successive encountei-s ; sudden deviations through large angles, 
the result of single encounters of a more effective kind, also appear 
occasionally. 

The number of ions produced per centimetre is known to increase 
rapidly as the velocity of the cathode-ray particle diminishes. This 
is shown by the increased density of the clouds towards the ends of 
the tracks. 

Fig. 10 is an enlargement of a portion of the track of a beta- 
particle emitted in air exposed to X-rays. The individual ions are 
clearly visible and may readily be counted ; the number per centi- 
metre amounts to about 188 pairs, when reduced to atmospheric 
pressure. 

In taking the photograph shown in Fig. 11 the X-rayajj^ere made 
to traverse the air before instead of after the expansion. The ions 
liberated along the track of each cathode-ray were thus free to move 
under the action of the vertical electric force maintained in the 
cloud chamber, the positive travelling downw’ards, the negative 
upwards. Each trail was thus divided into two portions, one consist- 
ing of negative, the other of positive ions, before being converted 
into visible cloudlets by expansion of the moist air ; the ions of 
each trail have also had time to be considerably scattered by 
diffusion. 

The representations of X-ray clouds shown thus far have all been 
from photographs taken wdth the camera pointed horizontally and so 
placed that a magnified image was obtained. The remaining photo- 
graphs were obtained with the camera pointed vertically dow nwards, 
the conditions being such that the whole visible contenta of a 
horizontal stratum of the cloud chamber, about 2 cm. in thickness, 
were photographed just as in tlie case of the alpha-ray pictures. 
Very intense illunlhiation is required to make the cathode-ray tracks 
visible in a picture taken in this way ; and it is only recently that I 
have succeeded in photographing them. 

A thin sheet of copper was fixed in the centre of the cloud 
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chamber in the path of a naiTow beam of X-rajs, which was made to 
traverse the supersaturated air of the cloud chamber immediately 
after its expansion. 

The absorption of X-rays by the copper is evident at a j^lance 
(Fig. 12) from the difference of the density of the clouds condensed 
on the incident and transmitted beams. 

In passing through the copper the X-rays produce immense 
numbers of cathode-rays which form dense clouds immediately in 
front of and behind the copper plate. The clouds are not (|uite in 
contact with the copper, the clear space next the plate being due to 
the air becoming warmed by contact with the copper before the 
passage of the rays, so that the ions fail to find the supersjituration 
necessary for their growth into water drops. 

From the researches of Barkla and others we know that when 
exposed to X-rays the copper plate will emit secondary rays— the 
homogeneous or characteristic or fluorescent rays of copper. These 
will in turn cause the air to emit secondary cathode or beta-rays 
The visible cloud trails left by these are seen in the photoirraph 
(Fig. 12). A photograph of this kind shows at once the distribution 
of the secondary radiation from a substance as well as the nature of 
the cathode-rays produced by this radiation in the surrounding gas. 
The cathode- or beta-rays produced in air by the copper-rays are ail 
much alike in length (about 1 mm.) ; this is in striking contrast to 
the very varying length, ranging up to 2 or 3 cm., of those produced 
by the primary X-rays. 

A photograph taken under similar circunistuiicee with a silver 
plate in place of the copper rme shows similar effects^ but the 
cathode-rays produced in air by the silver rays are many times as 

long. 

Some photographs w’ere also taken with X-rays incident upon the 
copper plate after their intensity liad been reduced by interposing a 
considerable thickness of aluminium. This cuts out especially the less 
penetrating radiation. The individual cathode-rays which start 
from the copper are now readily seen (Fig. 13) ; they w^ere before 
too closely interlaced to be separately visible. The surprising 
feature of this photograph is the great length of some of the cathode- 
rays emitted by both copper and air exposed to the X-rays. Some of 
the tracks are about 3 cm. in length when the air is at atmospheric 
pressure. 


[C. T. R. W.] 



Friday, March 14, 

Donald W. (\ Hood, Esq., (W.O. M.D. F.R.O.P., Vice-President, 

ill the Dhair. 


A. E. H. Tutton, Esq., D.Sc. M.A. F.R.S. 

Great Advance in Crystallography. 

CuYSTALJiOGRAPHY has made such remarkable progress during the 
last ftiw months, and the position at the present moment is so 
inierestinu’, tliat it was considered opportune to review it in a 
Disconrsf* from this historic lecture-table. For, firstly, the descrip- 
tions of the crystals of all the ten thousand substances which have 
ever beni sulqecced lo goniometrical measurement have been collected 
together and classified Avithin the four volumes of a monumentiil work 
by Prof^‘Ssor von Droth, of Munich. Secondly, this immense labour 
has been pai’alleled by the construction, bv Professor von Fedorow, 
of St. Potei^burg, of a tabular record of the main crystal elements 
of all these substance's, arranged in a simplified form, and with the 
assurance, wliich has cnbiiiled untold labour to achieve, that they 
relate to a truly com])arative orhmtation ; so that this table is the 
index to and basis of a new method of “ Frystallo-chemical analysis,” 
which enables a trained investigator to identify any well-crystallized 
sub, stance from the result C)f a brief goniometrical examination. 
And, thirdly, the whole of these invaluable results have been placed 
on a firm experimental basis ; for the internal structure of crystals, 
as imagined in all its wonderful details by the greatest geometrical 
and inaLhematical minds amongst us, has been revealed on the 
})hotogra])hic ])ljite as the result of direct experiment with the 
excessivedy minute and all-penetrating wave-motion, or corpuscular 
energy, uf the X-rays. 

it is easy to prove that a crystal has an organized structure. The 
fa(jt is at once revealed by tlie influence of rapidity or slowness of 
growth on its character. For example, if a little benzoic acid be 
melted on a gla.ss plate over a spirit lamj) and the plate allowed to 
cool rajudly in the air, on the object-stage of the projection polari- 
bcope. using crossed Nicols, the dark field is almost immediately 
illuminated by crystals heginiiiiig to grow at tic margin of the liquid 
film, and from each bright spot a crystal-needle darts, Avith fiery tip, 
like a ligli tiling flash, into the centre of the field, until the whole 
pictuK' is an interlacing mass of acicular crystals brilliantly coloured 



326 


LIBRARY OF SCIENCE 


PLATE I. 



Fig 1 —Crystallization op Ammonium Chloride 



Fig 8 — Paballbl Growths of Sodium Nitrate on Galcite 
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in the polarized light, which renders them more visible. Again, if 
we crystallize a substance from solution, wiy potassium bichromate, it 
entirely depends on whether the degree of supersaturation is slight, 
the “ metastable ” condition of Miers and Ostwald, or excessive, the 
“ labile ” condition, as to what kind of crystiil we obtain. From the 
metastable solution perfect little single crystals are started into slow 
growth, by the advent of germ-crystals of the Siime or an isomor- 
phous substance from the air ; while the labile solution spontaneously 
and rapidly crystallizes in the beautiful feathery forms illustrated on 
the screen. Ammonium chloride (Fig. 1) and metallic silver alford us 
even more beautiful screen pictures of arborescent crystallizations, and 
nothing c«hi exceed the beauty of snow crystals, an example of rapid 
crystallization of water-vapour. For goniometry these labile forms 
are useless, but, nevertheless, they teach us much concerning the 
structure of crystiils. For in them the skeleton, or inner framework 
and plan of architecture of the crystal is revealed. 

It is hard to realize the clearly proved fact that our atmosphere 
teems with excessively minute crystals -for they j)ossess the complete 
organization c/,a crystal- often nut exceeding the one thousand 
millionth of a milligramme in weight, and capable, whenever they 
fall into a quiescent slightly super-saturated solution of a crystalline 
substance of like structure, of ciilling forth its power of crystallizing. 
In order to be able to exercise this remarkable power, however, the 
germ crystal must be isostructnral in a very strict sense, if not 
identical vMtli the substance which is set crysudlizing. Not only 
must its symmetry be similar, but the dimensions of its structural 
units -the “ bricks” of the crystal edifi(‘e, so to speak must be all 
but identical. The conditions are, indeed, similar to tliose required 
for the facile formation of parallel growtlis of one crystallized sul)- 
stance on another, so admirably investigated by Barker. 

Perhaps the most striking cases for the puiqx-'^e of illusti.irion are 
those of the rhombic alkaline sulphates, selenates, perch loratCh. chro- 
mates, or other of the well crysUillized salts of tlu' alkali metals potas- 
sium, rubidium, and cicsiuin, and of the base ammonium which is so 
extraordinarily capable of replacing them. In any such group of salts 
the t>eriodic law of Newlandsand Mendeleeff is most beautifully illus- 
trated by the regular progression of all the properties of the crysUds 
of the three meUdlic salts, corresponding to the progression in the 
atomic weights of the metals, the salt of rubidium, the luctnl of 
intermediate atomic weight, having invariably intermediate properties, 
both morphological and optical. A slide showing the gradual slight 
change in the i^rism angle of the crystals of the sulphates will make 
the point clear, the slope of the prjsni face of rnhidium sulphate 
being intermediate between the greater sloj)e 0 ^ that of the polassiuni 
salt and the lesser slope of that of the cicsium salt. The variation of 
the position of the oj)ticid ellipsoid in the three moiioclinic double 
sulphates of the GH^O series containing tlie.se three salts is also illus- 
trated by a slide in which the ellipsoid can be rotated through the three 
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positions (the rotation being also indicated in Fig. 2 by the dotted 
ellipses) In a similar manner the dimensions of the structural 
units— the molecular volume (that of the “ brick ” regarded as a 
molecule) and its expression in the 
three dimensions of space (which we ^ 

now have a means of determining, by 
combining the density and the crys- 
tallographic axial ratios, and which mThT*****^ c. 
are known as topic axial ratios) — " 

vary in regular progression as func- y » y- pp 

tions of the atomic weight. Hence, \ fb 

the structuml dimensions of the two J - ■ 

extreme members of any of these , I 
groups of salts, the potassium and the 1 - ••'-T"' ; 

caesium salts, are most divergent, and , M m], ^ 

Barker has shown that while the , 
rubidium salt will in general form p ji i 

parallel growths with either the 
potassium or the caesium salt, the V ^ 

potassium and caesium salts them- \ 
selves will never form satisfactory 
parallel growths on each other, clearly 
owing to the disparity in the dimen- o r)« 

sions of their structural units, ^ical Ellipsoid op thi Double 
Further, the ammonium salt of any Sllphatfs on ulplacino Poiab- 
group has the interesting property of sium by Rubidium or Ci? silm 
forming crystals of which the mole- ^ 

cular volumes and topic axial dimensions are almost identical with 
those of the rubidium salt of the same group. Now it is most im- 
portant and conclusive that the ammonium and rubidium salts form 
the best -of all parallel growths ; they are, indeed, no longer merely 
parallel growths, but zonal growths and complete overgrowths. They 
also form excellent mixed crystals, and in every wa\ which has yet 
been experimentally tested they show the nearest ajiproach to true 
iso-structure. S<nne photogi'apbs of such parallel growths of rubidium 
and ammonium salts will render the matter clear. There is also one 
case of iso-structure investigated by Barker, tliat of Cidciteand sodium 
nitrate, which i.s of particular interest; for these are not chemically 
iso-raorphous sulistances, but tlicy happen to have similar rhombo- 
hedral symmetry and almost identical molecular \olumes and topic 
axial dimensions. Tlie slide of jwallel growths of sodium iiitote on 
calcite (reproduced in Fig. 8, Plate I, by the kindness of ^fr. Barker) 
ih very striking and conclusive. Barker has recently suggested the 
nature of the structure of these two substances, two molecules forming 
the unit ** brick,” as represented in the slide exhibited. In the case 
of jiotassium sulphate and its analogues, one molecule fonns the 
‘‘brick,” as represented Ijv the next slide. 
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It has thus been proved experimentally from the morphological 
side that a crystal has a definite structure, and that its unit “ bricks ” 
or “ cells ” have definite and measurable dimensions. But the fact 
is equally well demonstrated optically. We have only to pass a beam 
of light through a 60“ prism of a non-cubic crystal, for instance, 
quartz, to see at once the radical difference of effect from that given 
by glass or other non-crystal lized substance. For instead of the 
usual single spectrum produced by glass the quartz prism refracts two 
distinct spectra, unless it happens to have been cut so that the light 
traverses the unique direction of single refraction, coincident with the 
axis of the natural quartz crystallographic prism, which is also the 
axis of trigonal (threefold) symmetry. The quartz prism used in 
the experiment is cut at right angles to this direction, so that the axis 
and refracting edge of the cut prism are parallel to the natural axis, 
and the separation of the two spectra, corresponding to tlie two 
refnictive indices of (juartz, is thus at a maximum. Moreover, on 
placing a Nicol prism in the pith of the refracted rays, we observe 
that the light producing the two spectra is oppositely polarized, one 
spectrum extinguishing when the Xicol has its vibration plane 
vertical, and thb other when the Niccd is rotated .so that the \ibration 
plane is brought into the horizontal ])osition. The crystal tlms 
possesses a structure, which is capable of scpirating a beam of 
ordinary light into I wo beams, having definite and perpendicularly 
different vibration directions. 

Again, we see proof of structure if we cii*^ a plate out of the 
crystal and examine it in a converging beam of polarized light, 
esim‘ially if the crystal, say one of calcite, be cut perpendicularly to 
the singular axis (or to the bisectrix of the two such axes in the cases 
of biaxial crystals) of single refraction. A beautiful inter! eience 
figure is produced, coni])Osed of spectrum-coloured rings and a Idack 
cross, that is, a figure symmetrical about the axis of trigonal symmetry 
and of single refraction. This evidence of structure can Ik most 
wonderfully reproduced by glass, if we strain the glass by heating and 
rapid cooling about a cylindrical axis, but an ordinary unstrained 
piece of glass affords no such effect at all. It is clear, therefore, that 
the calcite crystal has a symmetrical structure about the axis of single 
refraction. Similarly, the beautiful biaxial interference figure ex- 
hibited on the screen, afforded by a plate of rhombic pota^sium 
nitrate, is symmetrical about the centre of the double-looped figure 
of sjiectrum-coloured lemniscates. 

Sufficient evidence will now have been brought forward that a 
crystal is endowed with a definitely organized structure. In the 
crystal of a pure substance we are dealing with a chemical element or 
compound, and if with the latter it may be of any grade of com- 
plexity, from a very simple binary compound to a most highly 
complicated one composed of a large number of atoms. If the 
crystal be that of an element the structure is obviously composed of 
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tlie similar atoms of that element, while if it be a compound we have 
a structure composed of atoms of as many kinds as there are chemical 
elements present combined in the substance, and in the same relative 
proportion as is expressed by the chemical formula of the substance. 
In the case of a compound, moreover, the structure may also be 
considered to be that of the molecules of the substance, for they or 
a simple arrangement of a small number (group) of them form the 
grosser units of the structure, whilst the atoms are the ultimate unit'^. 

Suppose we now represent this molecular or polymolecular grosser 
structural unit by a point, and that such point be analogously situated 
within each unit. The essence of crystal structure then is that these 
points are so arranged in space that if they are joined by imaginary 
lines the latter form a “ space-lattice ” (German, “ Raumgitter ”), each 
unit cell of which may be conceived to be the “ brick ” already alluded 
to, and the domicile of the chemical molecule or group of molecules 
(indeed, it is immaterial whether the points are considered as placed 
at the corners or in the centres of the cells) or, in the case of an 
elementary substance, of a group of similar atoms. We may, there- 
foie, define a crystal as follows : — 

A crystal of any definite chemical substance consists of a homo- 
geneous arrangement of grosser units of matter, each consisting of 
one chemical molecule or a small group of molecules of the substance, 
and the kind of arrangement is such that these giosser units are 
all identically (siimeways, parallel\^ ise) orientated, and that their 
analogous-y chosen representative points, one from each such grosser 
unit, form a space-lattice (Raumgitter).” 

There are fourteen kinds of space-lattices, slides ot^* several of 
w hich are exhibited on the screen. Three po'^sess full cubic symmetry, 
two are tetragonal, four are endowed with rhombic symmetry, and 
two are monoclinic ; while triclinic, trigonal, and hexagonal crystals 
have each one space-lattice corresponding to their typ(‘ of symmeti} . 
In every case it is the full (holohedral) symmetry of the system which 
is present, no space -lattice possessing merely the lower degree of 
symmetry coiresponding to one of the so-called hemihedral or 
tetartohedral classes of the system in question. 

Now in the solid crystal, not only are the grosser units arranged 
so that their representtitive points are repeated in space with extra- 
ordinary accuracy of position, with production of unit cells or 
** bricks ” of absolutely identical dimensions throughout the crystal, 
but the shapes of the grosser units themselves are identically similar 
and identically similarly orientated in space. Suppose, however, that 
the force of crystallization, the directive molecular force concetned in 
bringing the molecules together in this regular order of marshalling, 
is only adequate just to attain this marshalling of the grosset units 
into a space-lattice formation, without being able to fix the units 
about their own centres of gravity, a certain amount of wobbling 
about the latter being still permitted. We might, in such circum- 
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stances, expect that some of the properties of a crystal, dependent on 
the space-lattice formation on lines of definite symmetry, such as 
the optical property of double refraction and polarization of light, 
would be developed and exhibited, while the production of exterior 
plane faces would be either only partial, with rounded edges and the 
exhibition of plasticity and viscosity, or would not be achieved at all, 
the objects produced being still fluid. One cause of such a condition 
of partial success at crystallization might well be that the substance 
was composed of a large number of atoms arranged in a long chain, 
such as the well known “ long chain compounds ” of organic chemistry, 
which would offer considerable resistance to marshalling. The author 
believes that herein lies the explanation of the remarkable liquid 
crystals” which Professor Lehmann has made the subject of his 
particular study, many of which are of just such long-chain character. 

By the kindness of Professor Lehmann, ^\ho has sent over sj)eci- 
mens of some of the most characteristic of his substances for the 
special puipose of this lecture, and of Mr. Poser, of Messrs. Zeiss, 
who construct an admirably convenient form of heating microscope 
and projection arrangement for demonstrating the formation of 
liquid crystals and their behaviour in polarized light, it is possible 
to exhibit some of the typicid phenomena of these interesting objects 
on the screen. The substances in (|uestion are chiefly such as form 
two or more polymorphous forms, each stable within a limited range 
of temperature, and the liquid crystals are usually the second ]>hase 
observed on allo\\ing the truly li(juid heated substance to (‘ool ; tlie 
liquid crystal phase is produced at a definite temperature during the 
cooling, and persists during a definite interval of temperature duriiiir 
the continued cooling. It either exhibits distinct attempt-^ at the 
formation of pyramidal or prismatic crystals, more or less rounded 
at their edges, as in the case of ammonium oleate shown on 
the screen (Fig. 4), or manifests itself as doubly refracti\e and 
brilliantly polarizing drops or streams, .such as the drops of para- 
azoxyaiiisol, ^^hich are set rotating independently by the addition of 
a little colophon ium, as demonstrated in brilliant polarization colours 
on the screen; it then suddenly jmsses with further co(>ling into the 
final solid phase, often wdth the production of brilliantly coloured 
acicular crystals, as in the case of para-azoxyplienetol exhibited on 
the screen, or of beautiful sti\r-like or fiower-like apparitions, radiating 
from innumerable centres all over the field, as in the exceedingly 
beautiful case of cholestervl acetate. The view heie put forth is 
apparent ly in agreement with that of Lehmann himself, as most 
recmitly expressed botli in letters to the lecturer and in a memoir of 
July 27, lfll2, to the Heidelberg Akademie der AVissenschaften, in 
which he says that in all probalulity : “ Die Ruudung der Forineii 
haime ziisainmcn mit der Plastizitat der Stoffe und habe ihrcii Urund 
in iinznreichendcr molekiilarer Uicbtkraft, wclche ^ohl genugt, ein 
Riiumgitter hcrzustellen, nicht aber regelmassige Treppenstiifen, wie 
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Fig 8 — Modbl of Aerangbmbnt op Zinc Atoms (shaded) and 
SULPHUB Atoms (light) in Zinc Blende 
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€8 nach Ilauys Theorie zur Bildung ebener Krystallflachen notig 
ware/’ The formation of regular stepped faces (of invisibly minute 
steps, “ Treppenstnfen ”) the lecturer considers to occur only when 
the grosser units become fixed about their centres of gravity or 
representiitive points, with production of a truly solid crystal. 

But now let us pass to the consideration of the internal structure 
of the grosser or spice-lattice units themselves. Their symmetry 
may be, in simple cases, similar to that of the space-lattice, but in 
general this will not be so. Whatever the stereometric arrangement 
of the chemical atoms in the molecule may be, and, if more than 
one molecule goes to form the space-lattice unit, whatever their 
mutual arrangement, and therefore, whatever be the outer configura- 
tion of the whole unit, when the crystal is a truly solid one, the 
force of crystallization (now no longer denied) is adequate to fix 
each space-lattice unit, not only considered as a point with reference 
to its neighbours, but as regards its sliape and its whole character, 
parallelwise and sameways orientated with respect to its adjacent 
fellows, and as close as possible to them. Also if more than one 
molecule goes •to f'ach space-lattice unit, their mutual arrangement is 
achieved on a definite plan, and is the same for every space-lattice 
unit ; these constituent molecules of the latter are also as closely 
packed as possible. The final result is thus to produce an assemblage 
of chemical atoms, in which not only the demarcation frontier 
between the space-lattice units disappears, but also that between the 
constituent molecules in the cases of polymolecular grosser units. 
We come, ultimately, in consequence, to a structure of atoms, each 
of which we may represent by a point. 

Now, just as the genius of Frankenheim and Bravais revealed to 
us the 14 kinds of space-lattices, so Sohneke made us acquainted 
with Of) regular systems of points, including many of the 32 classes of 
symmetry, but not all, which von Lang had shown crystals to be capable 
of possessing. Later the number was ])rought up to 230 by simulta- 
neous and wonderfully concordant geometrical researches by Schdnflies 
in Germany, von Fedorow in St. Petersburg, and Barlow in England, 
and among these 230 all the 32 crystal classes are represented, and 
no others. 

Hence, we come to the conclusion that the skeletal framework of 
crysUl structure is the molecular or polymolecular space-lattice, and 
the detiiiled ultimate structure the atomic point-system. The latter 
determines the class of symmetry (which of the 32 classes is exhibited) 
and therefore governs any hemihedrism or tetartohedrism, as the 
development of less than full systematic symmetry used to be called. 
But it is the space-lattice which governs the crystal system, that is, 
which determines whether the symmetry is cubic, tetragonal, rhombic, 
monoclinic, triclinic, trigonal, or hexagonal, and which also deter- 
mines the crystal angles and the disposition of faces in accordance 
wdth the law of rational indices, the law which limits the number of 
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C ible faces to those which cut off small whole-number relat ve 
ths from the crystal axes. Indeed, it is because only those planes 
which contain the points of the space-lattice are possible as crystal 
faces that the law of rational indices obtains. For any three points 
of the space-lattice determine a plane in which similar points are 
analogously regularly repeated, and which is a possible crystal face 
obeying the law of rational indices. Moreover, those facial planes 
which are most densely strewn with points are of the greatest crystallo- 
graphic importance, being what are know'ii as the primary faces, 
either parallel to the crystal axes or cutting off unit lengths theie- 
from, as well as being usually the planes of cleavage. 

^ the space-lattice units are all sameways orientated, any one 
atom of the molecular or polymolecular grosser unit might be equally 
well chosen as the representative iM)int of the lattice, so long as a 
similar choice were made in every space-lattice unit, and the resulting 
space-lattice would be the same whichever atom were so selected. 
Consequently, the space-lattice is afforded by the similarly (identically) 
situated atoms of the same chemical element throughout the crystal 
structure. The combined point-system (one of the 230 possible 
point-systems) may thus be considered to be built up of as many 
identical but interpenetrating space-lattices as there are atoms in the 
space-lattice grosser unit. These facts are concisely expressed in the 
definition of crystal structure which was stated as follows by Professor 
von Groth at the Cambridge meeting of the British Association in 1004. 

“ A crystal— considered as indefinitely extended— consist's of n 
interpenetrating regular point-systems, each of which is formed from 
similar atoms ; each of these point-systems is built up frdni n intei- 
penetrating space-lattices, each of the latter being formed from atoms 
occupying parallel positions. All the space-lattices of the combined 
system are geometrically identical or are characterized by the sariH^ 
elementary parallelepipedon.” 

Having thus arrived at a comprehensive idea of crystal structuie 
on the assumption of each atom and each grosser space-lattice unit 
being only a point, as far as which wc are on safe and a.s8ured ground^ 
we may proceed to the consideration of the various ideas advanced 
concerning the character of the units of structure thus represented by 
points, that is, concerning the mode in which the space around the 
point is more or less filled up. 

The valency theory of Barlow^ and Pope considers the atomic 
point to be expanded into the sphere of the atom’s influence, the 
relative size of which in any one substance is supposed to be |)ropor- 
tional to the fundamental valency of the chemical element or which 
the atom is composed. The spheres are further assumed to be pressed 
together on crystallization until they fill space, becoming thereby 
deformed into polyhedra. The theory of von Fedorow, on the other 
hand, considers the grosser or space-lattice units to be parallelohedra ; 
besides those corresponding to the 14 space-lattices there are 9 other 
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punillelohedra (making 2:^ in all) composed of simple Solinckian 
point-systems compounded of interpenetrating space* lattices. All the 
28 parallelohedra are arranged parallelwise, and fill space without 
interstices. There are, however, only four types, namely, the cube, 
the rhombic dodecahedron (which has a second vertically eloiiirated 
variety), the cubo-octahedron, and the hexagonal prism, the firet 
three being all of cubic symmetry, and the fourth of obviously hexa- 
gonal symmetry. Thev are shown, including the second variety of 
the dodecahedron, in the next screen pi^*turo (Fig. 5). He further 
considers that all four may be homogeneously deformed into analogous 
parallelohedra of lower orders of symmetry, without ceasing to fill 
space when closely packed. Hence, von Fedorow concludes that all 
cryst.d structures are of either culuc or hexagonal type, including 
not oidy truly cubic and hexagonal crystals, but their deformed 
derivatives. The cubo-octaliedron (^, Fig. 5) is identical with Lord 



Kehin’s “ tetrakaidekahedron,” the most general parallel -faced cell 
(a heptaparallelohedron) into which space can be regularly partitioned, 
and possessing the minimum surface for a given volume. 

r nlike the atomic polyhedra of Pope and Barlow, these parallelohedra 
of voii Fedorow are eitlier molecular or polymolecular, in the latter 
event being made up of a small number of identically or symmet»'ically 
similar sub-polyhedra, termed by him “ stereohedra,” which represent 
the chemical molecules, just as already explained, when tho grosser 
space- lattice unit is polymolecular, the stereohedra being arranged to 
build up the main polyhedron (the space-lattice unit) on a definite 
plan, which may involve mirror-image juxtaposition. For example, 
a rhombohedral system of stereohedra is shown on the screen (Fig. 6), 
consisting of two kinds, R and L, one sort being the mirror-image of 
the other. Each rhombohedron representing the combined system 
is Composed of six stereohedra, three of each kind, and a series of 
points, similarly situated one within each stereohedron R, would 
constitute a Sohncke point-system, while a “double-system” is 
obtained by adding u series similarly situat'd one within each 
stereohedron L. If a single point w^ere taken to represent analo- 
gously each rhombohedral set of six stereohedra, we should have a 
rhombohedral space-lattice produced. 




LIBRARY OF SCIENCE 


336 

The valency theory of Barlow and Pope may or may not in the 
sequel prove to be correct, and some facts have recently been brouj^ht 
forward by Barker which tend to show that it will not hold m many 
cases of inorganic substances. Barker, who has had the good fortune 
to have worked in St. Petersburg with von Fedorow for more than a 
year, shows that, as the lecturer has always held, the true unit of 
volume is the molecular or atomic volume, as determined for the par- 
ticular substance itself. The molecular volume is determinable by 
dividing the molecular weight of the substance by the specific gravity 
of its crystals at a definite comparable temj)eratuie, such as 20 (\, 
but the determination of the atomic volume offers peculiar difficulty, 
and so far only comparative and indirect methods have been em- 
ployed, chiefly by Sollas. By taking the volumes of the spherical 
units to be proportional to the atomic volumes (not those of the 



Fig 6.— Fedorow’s Stfri ohedra 

element in the free state, as enormous compression occuis on com- 
bination), and also determining the amount of free interstitial space 
by comparative methods of calculation, Sollas has achieved some 
remarkable explanations of the crystallographic chanicters of the two 
polymorphous forms of silver iodide and of the three forms of 
titanium dioxide, rutile, anatase, and brookite. We have as yet no 
guidance from von Fedorow as to the nature of the atomic units and 
the volumes which they occuny. It would not be surprising if the 
valency volumes of Barlow ana Pope, in the cases of those elements 
for which their theory appears to work in a satisfactory manner, turn 
out to be identical with the atomic volumes as determined by the 
method of Sollas. As regards the compounds of carbon and hydrogen, 
Barlow and Pope have l>een most successful in accounting for crjfstallo- 
graphic and chemical relationships, and it is at least significant that 
botn Tie Bas, from experimental work on tlie molecular volmnes of 
liquid hydrocarlions, and Traube from an entirely different point of 
view, coincide in assigning the relative volumes 4 and 1 to carbon 
and hydrogen atoms in combination respectively. If Traube’s results 
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for carbon and hydrogen be accepted, so also must those for the 
relative volumes of the atoms of the halogens, sulphur, oxygen, 
and nitrogen, his values being : F = 1 ; Cl, Br, and 1 = 7 each ; 
S = 6 ; 0 = 2; and N = 3. As regards oxygen and nitrogen, he 
agrees with Barlow and Pope, but the latter take all the halogens as 
of unit valency volume, and sulphur as of valency volume 2. Barker 
shows that while in the binary sulphides, such as zinc sulphide ZnS, 
the sulphur is probably of volume 2, in the sulphates, such as KgSO^ 
and BaSO^, it is probably 6, as Xranbe insists ; this conclusion is 
also in agreement with other work of Barker on some extraordinary 
cases of isomorphism, including that of barium sulphate with potassium 
perchlorate KCIO^, potassium permanganate KMnO^, and the extra- 
oiflinary compound potassium borofluoride KBF4. 

While it would thus appear that tlie atomic volume (in the 
substance itself, and including any interspace) is the true effective 
volume concerned in crystal structure, and that it may be only a 
coincidence that, in the cases of a few prominent elements, it happens 
to be approximately j proportional to the valencies of those elements 
(as certainly appears to lx* true in the cases of hydrogen and carbon, 
and possibly oxygen and nitrogen), there is a very considerable amount 
of the joint work of Barlow and Pope which is of permanent value. 
Their explanations of the preponderating cubic and hexagonal crystal- 
line forms of the elements themselves, and of binary compounds such 
as ZnS, are doubtless correct, and it will be of great interest, in view 
of the next development to which attention must be called, to illus- 
trate the case of zinc sulphide, and also the structure of that most 
interesting simple compound, silicon dioxide SiOo, quartz, which has 
been worked out in a very complete manner by Barlow. 

Barlow and Pope’s idea of the structure of zinc blende, which 
merely assumes that the volumes of the atoms of zinc and sulphur 
are approximately equal, is that 16 molecules ZnS go to form the 
gimser units of the crystal structure, the combined system or space- 
lattice unit — that is, IG atoms of zinc and 16 of sulphur. Only one 
zinc or one sulphur atom in every 16 is sameways orientated, and if 
we adopt von Groth’s definition, we may give the structure of zinc 
blende as follows : The crysbils of zinc blende consist of two inter- 
penetrating regular point-systems, one formed from zinc atoms, and 
the other from sulphur atoms ; each of these two point-systems is 
built up from 16 interpenetrating space-lattices, each of the latter 
being formed from zinc atoms or from sulphur atoms occupying 
parallel positions. All the 32 space-lattices of the combined system 
ere geometrically identical. 

Barlow and Pope have shown that the space-lattice in zinc blende 
is the third cubic one, in which a point is situated at each cube 
corner and also in the centre of each cube face. For this is the 
space-lattice corresponding to an assemblage of spheres of equal 
volume in closest packing. The space-lattice in question is shown 
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Fig. 7. — Space-lattice of 

C ENTRED-FACE CUBF. 


on tlie screen (Fig. 7), and a pair of models of the arrangement are 
ilIiistraU‘d in the next two pictures, in the first of which the points 
are expanded into spheres of considerable size, and in the second they 
appear still fiirtlier exp^mded into actual contact. The third stage, 
in which the expansion proceeds until all interstices are filled up and 
the spheres are converted into nolyhedra, 
is left to the imagination. In tne second 
picture (reproduced in black and white in 
Fig. 8) the mutual arrangement of the 
Q- s^ heres of the two elements in zinc blende, 

zinc .ind sulphur, is indicated by the yellow 
; ; , ; coloui iiiir of thc sulphur spheres and the 

grey tintinir of those of zinc. The tetra- 
hedral mode of derivation of the structure, 

accounting for the observed hemihedrism, 

Fig.7.-Space-lattice of ^l^o shovMi in another slide (Fig. !)). 
C ENTRED-FACE CuBF. The eight larger cubes which together 
form the grosser unit are each supposed to 
be occupied by four smaller culies of the same element, arranged tetra- 
hedrally, and of zinc and of sulphur alternately in different larger 
cubes ; on replacing the little cubes by spheres in contact the model 
represented in the second picture (Fig. 8, Plate II.) is produced. 
Barlow’s conception of quartz affords ns an example in which the 

symmetry is trigonal, 
and of \vhich there are 
two kinds possible, one 
of which is theN-mirror- 
iinage of the other, the 
two being helical in 
character and of the 
nature of right- and left- 
handed screws respec- 
tively, The two struc- 
tures, as thus conceived, 
are represented in the 
next two slides (Figs. 10 
and 11), the white 
spheres representing 
silipon atoms and the 
black ones oxrgen 
atoms, of which £liere 
Fig. 9. — Scheme of Tetrahedral Arrange- twice as many, cOrre- 

MENT OF Zinc (B) and Sulphur (R) Atoms in spending to the foromla 
Zinc Blende. UN8HAi)FD Cubes unoccupied. SiO^. The helical cha- 
racter is clearly shown, 
the white spheres being obvioii.sly arranged in a right-handed 
screw in one picture and a left-handed screw in the other. Right- 
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and left-handed quartz crystals are so well known that it will 
not be necessar\ to do more than illustiate the fact by one or 
two exptu'iment'i. First of all, two slides are shown (repro- 
duced together in Fig. 12), one of a right-handed crvstal and the 



Fig 10 — Ba^rlow’s Co^ckp^IO^ 

hOli UiGHT-HANDLD QlAR7Z 



Fig. 11.— Barlow’s C(v>clfi’ion 
FOR Lut-uanded Quartz. 


other ot a lelt-lianded one, each exhibiting the characteristic 
little taces s and x of the right and left trigonal bi-pyramids and 
right and left trigonal trapezohedra, modifying the right and left 
corners formed liy the meeting of the faces of the rhomhu 



Fig. 12.-— Till Two VAUiLriKS of Qlariz Cristals, 

Ll H’-llANDEI) AND RlGHT-HANDi D 


hedron r and hexagonal prism m. That tiie right-handed crVvStal 
shows rotation of the plane of polarization of light to the right, 
and the left-handed crystal optical rotation to the left, may he 
beautifully demonstrated by cutting a plate 1 mm. thick out of each 
crystiil perpendicularly to the axis, and using the device of 2-1 mica 


LIBRARY OF SCIENCE 


340 

sectors, due to S. P. Thompson, which between crossed Nicols sho^^s a 
black cross, the arms of which are deviated one sector to the right or 
left when tlie thin quartz plate is interposed, in accordance with the 
right- or left-handed nature of the plate. Also the phenomenon of the 
bi-quartz, and of the natural biquartzes often produced by twinning of 
right and left individuals, may be illustrated, terminating with some 
beautiful cases of repeated twinning, including amethyst. The imi- 
tation of the phenomena of the two varieties of quartz, by crossing 
strips of mica in a right-handed or a left-handed pile, as shown by 
Reusch, may also be referred to and demonstrated, as affording some 



Fig. 13. — Apparatus of Friedrich, Knippino and Lauf for passing 
X-Hays through Crystals and Photographing the Effect. 


definite proof that the mineral does possess an analogous helical 
stnicture, complementarily opposite in its two varieties. 

Now these two crystalline minerals, zinc blende and quartz, have 
been chosen advisedly as examples of crysbil structure. For a 
remarkable series of experiments have recently been carried opt by 
Laue, Friedrich and Knipping at Munich, where the lecturer had the 
advantage of seeing some of the first photogmphic results, last 
summer. In these experiments X-rays w^eie passed through crJ^sUils 
of various substances, notably zinc blende, and, in more recent 
experiments by Laue at Zurich, quartz. The issuing rays were 
received on a photographic plate, on which they recorded a pattern 
of spots having the symmetry (full holohedral) of the space-lattice 
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present as the foundation of the crystal structure. These interesting 
photographs thus afford the fii-st experimental and visible proof of 
the truth of the structure assigned to crystals by geometricians and 
crystallographers. By the great kindness of Professor Laue it is 
possible to exhibit the original photographs obtained with zinc 
blende, and one just obtained with quartz, the results for which 
Professor Laue has not yet published. Dr. Friedrich has also most 
kindly sent four excellent lantern slides expressly for this lecture. 

In view of this further evidence of the richness of the original 
discovery by Sir William Crookes of the famous tube which is uni- 
versally known by his name — producing under suitable circumstances 
of exhaustion the cathode rays when excited by the intermittent 



Fjci. 14. —Diagrammatic rkprfsentation of Apparatus of 
Friedrich, Kkippisg and Laue. 

A, Antlcatliodeof X-ra> ))ulb ; Bj. Bj, B|, Diaphrai^nis of Lead ; K, Leaden 
Ijox screen 'with tubular terminatbm K ; Lai^re leaden si-reen ; O, Goniometer ; 
P|, P2, P.1, P4, P',. Photographic plates ; Kr, Uijstal ; Al, Aluminium plate 


current from a Riilimkorff coil, which rays, on their striking solid 
matter such as the soda glass walls of the tube, in turn give rise to 
the X-rays of Rdntgen — it is fitting that some examples of Crookes 
tubes should be exhibited in action, and 8ir William Crookes has been 
so very kind as to arrange a display of some of his most beautiful 
productions, including tubes showing cathode rays impinging on a 
diamond and a ruby respectively, with glowing phosphorescence 
under the bombardment of the electronic corpuscles, in brilliant 
colours in each case. By the hindness of Me.ssrs Newton, it is also 
possible to exhibit in action two recent X-ray bulbs of the particular 
kind used by Laue and his colleagues. 

Two pictures of the actual apiKiratus employed (one of which is 
reproduced in Fig. 13). most kindly also sent for the purpose of this 
lecture, and an explanatory diagram of it (Fig. 14), will enable the 
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Fig. 16. — Spot Photograph appordbd by 
Zing Blendb. 

Incident X-Rays perpendicdlar to a Cube-face, and 

PARAIiLEL TO A TeTRAGONAL AxIB OP SYMMETRY. 



Fig. 16 .— Spot Photograph afforded by Zinc Blende 

ft 

Incident X-Rays also perpendicular to a Cube-face, and parallel 
TO A Tetragonal Axis op Symmetry, but Photographic 
Plate twice as far from Crystal 
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precise nature of the experiment to be grasped. A plate, 1 cm. 
square and 0*5 mm. thick, was cut from a good crystal of zinc 
blende parallel to a cube face, and adjusted on the crystal holder of a 
goniometer in the path of a very narrow pencil of X-rays from the 
bulb, isolated by their passage through a succession of lead screens 
(lead being impervious to X-rays) pierced by small holes. The last 
screen, which gave the final form to the pencil of rays, \\as a plate of 
lead 1 cm. thick, pierced by a cylindrical hole 0*75 mm. in diameter, 
and fitted with a delicate means of adjustment so that the axis of the 
l)oring could be brought exactly perpendicular to the crystal plate. 
The beam of pure X-rays of circular section, after passing normally 
through the crystal plate, was received on a Schleussner-Rontgen 
photographic plate, which was afterwards developed with rodinal. 

The developed plate showed an intense circular spot at the centre, 
caused by the direct X-rays, and a considerable number of other 
spots of elliptical shape, arranged in a geometrical pattern. Three 
of these original photographs are exhibited on the screen (and 
are also reproduced in Figs. 15, 16 and 17). If a series of such 
photographic plates be used, at different distances from the crystal 
(as in Figs, lb and 16), the fact is revealed that the spot« are 
formed by rectilinear pencils of rays spreading in all directions from 
the crystal, and some of them inclined over 45'* to the direction of 
the incident rays. These deflected beams show similar properties to 
the original X-rays, ionizing air and helium just like the latter, and 
with the same degree of variation with the pressure. Hence, theie 
can be no doubt that the character of these deflected rays issuing 
from the crystal is that of unaltered X-rays, and that they are due to 
the reflection of X-rays by planes situated at different angular posi- 
tions in the interior of the crystal. In short, we are in face of 
reflection of X-rays from planes of atoms in the crystal. 

Now a study of the spots reveals the further interesting fact that 
the pattern shows the full symmetry (that of class 32) of the cubic 
system to which the crystal belongs, although zinc blende exhibits 
the slightly lower symmetry of the hexakis-tetrahedral class (31), one 
of the formerly so-ciilled hemihedral classes of the cubic system. 
This clearly proves that it is the planes of similar and similarly 
situated (sameways orientated) atoms in the crystal that are pro- 
ducing the reflections, in other words, the planes of the space-lattice. 

At first Lane, who published a separate memoir on the theory of 
the experiments, considered that it was the space-lattice due to 
similarly situated zinc atoms which afforded the spot-pattern, as he 
had been engaged with Prof. Suminerfeld in experiments relating to 
the action of zinc on X-mys. But there appears no reason why the 
sulphur atoms should not be similarly capable of producing reflections 
of the^e extremely line vibrations or corpuscles, and as the space- 
lattice is the same for both elements, accoming to all versions of the 
geometrical theory of crystal structure, there is really no reason why 
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Fig 17 — Spot Photoqbaph appordf d by Zinc Blendk 
Incident XRa>s pfrpfndicular to an Octahpdbon Pace 
AND parallel TO A TbIGONAL AxIS OP S\MMBTBY 



Fig 20 — Spot Photograph appordfd by Quartz 
Incident X Hayb parallel to the Trigonal Axis 
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we should not consider the reflections as due to the general space- 
lattice of zinc blende. Lane considered the “molecules” of the 
crystal to forrii a three-dimensional grating — that is, a Raunigitter — 
and that each molecule is capable of emitting secondary vibrations 
when struck by incident electromagnetic waves from the A-ray bulb ; 
also that the molecules are arranged according to the simple cube 
space-lattice (No. 1). The incident waves being propagated parallel 
to one of the cube axes (edges), the wave-surfaces will be parallel to 
the plane of the other two cube edges. He then considers the spots 
to be interference maxima of the waves scattered by the orderly 
arrangement of the molecules in the crystal. The equations of 
condition were next found for interference maxima of direction 
cosines a, /?, y, and for incident wave-length A., and from the position 
of each spot the direction cosine of the pencil of rays which formed 
it was calculated, assuming all the transmitted pencils to come from 
the centre of the crystal. Thirteen spots in each quadrant were 
investigated, and in every case Lane’s equations were satisfied ; hence 
the conclusion that the spots are due to interference of secondary 
Rdntgen radi;<tion appears to agree with the positions of the spots, 
provided ofiiy radiations of certain definite wave-lengths are present 
in the incident rays. 

The lecturer pointed out, in an article in ‘ Nature,’ of November 
14th, 1012, that the structure of zinc blende was probably not so 
simple as had been assumed by Laue, and that the space-lattice with 
a point at the centre of each side of the cube (No. 8) was the more 
probable one, the structure being that assigned to it by Barlow and 
Pope, as already described in this lecture. 

A satisfactory explanation has since been advanced by W. L. 
Bragg, which does accord with this structure and with other essential 
conditions referred to by the lecturer, which altogether avoids the 
a^sumption of only a few wave-lengths, and which agrees with a 
simple reflection of unchanged X-rays from the planes of points of the 
general space-lattice of zinc blende. He regards the incident radia- 
tion as composed of a series of independent pulses, which, falling on 
a number of atoms definitely scattered in a plane, are separately 
Tcflected, efich atom acting as a centre of a secondary wave, and 
the whole building up a >>ave-front. The interference maximum 
is thus due to the reflection of the incident pulses from a system 
of parallel planes of similar atoms, that is, from one of the mrallel 
series of planes of the space- lattice. Now besides the principal planes 
of the space-lattice, the cube planes, the points of the space-lattice 
also lie in a considerable number of other planes, all of which 
are possible crystal faces corresponding to rational indices. For 
instance, the octahedral planes are very easily traced, as also those 
of the rhombic dodeaihedron. A minute fi-action of the energy of a 
pulse traversing the crystal will l)e reflected from each parallel plane 
in succession, and the corresponding interference maximum will be 
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produced bj a train of reflected pulses. The crystal thus actually 
manufactures rays of definite wave-lengths, just as a diffraction 
grating does, the only difference being here in the extremely short 
length of the waves, which is the very reason why X-rays can penetrate 
in this manner into the Raumgitter structure. Each incident pulse 
produces a train of pulses, resolvable into a series of wave-lengths, 
A, A/g, A/^, etc., wliere i = 2 d co^ 6, d being the shortest distance 
between successive identical parallel planes in the crystal, and 0 the 
angle of incidence of the primary X-rays on the plane of points of 
the space-lattice. The intensity of any spot depends on the energy 
in the spectrum of the incident r^iation characteristic of the 
corresponding wave-length, and this varies considerably so that 
certain parts of the spectrum are much more pronounced than others. 
Also it depends on the number of reflecting atoms in the plane, that 
is, on the reticular density of the possible crystal face corresponding 
to the plane. Hence, the greater the reticular density, the more 
intense the spot produced in the photograph. As reticular density is 
also proportional to irapoitance of face, the primary facch having the 
greatest reticular density, it follows that the luo'^t important fa(‘ial 
planes reflect the iiitensest spots, a fact which may prove of great 

value in enalding us to 
discover the real primary 
pUiies in doubtful cases. 
Each spot reflected by a 
plane (considi^red as 
[ussing through the 
origin and '^vvo other 
points") lies at the inter- 
section of two ellipses, 
and the figure on the 
screen (reproduced in 
Fig. 18), showing an 
analysis of one of the 
spot photographs, ex- 
hil>its this clearly. 
Indeed, the plane of 
atoms corresponding to 
am spot can lie found 
from the two ellipses ; 
for each ellipse is the 
section (►f a cone by the 
plane of the photo- 
graphic plate, the^xis of the cone being the line joining the origin 
(centre of the triaxial system, and considered as one of the three 
points determining the plane) and the particular atom (the second or 
third point of the three, of definite co-ordinates ), and the generator 
of the cone being the incident beam. 



Fig. 18 . — Analysis or Spox-rHOTOGUAPii 
(Fig. 16 ) of Zinc Blende. 
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The interesting results of Bragg are in full accord with the 
assumption of the centred-face cubic space-lattice (No. 3), but not 
with either the 8im])le-cube or the centred cube space-lattice (Nos. 
1 and 2). They also account for the elliptical shape of the spots. 
The amount of ellipticity depends on the distance of the photographic 
plate from the crystal. When the two are very close the spots are 
round, but they become more and more elliptical as the plate is 
receded (compare Figs. 15 and 16). The phenomenon is due to the 
fact that the initial rays are not strictly parallel, and the effect will 
be clear from the next slide (Fig. 19). The vertically diverging rays 
striking the reflecting planes of the upper part of the crystal meet 
them at a less angle of incidence than those of the lower part, and 
so the reflected rays converge. Horizontally diverging rays, how- 
ever, diverge still more on reflection. Hence the section of the 
reflected beam is an ellipse with major axis horizontal. 

It is of importance to note that the centred-face cubic space- 
lattic(i is chara(‘teristic both of the arrangement of identically (same- 
ways) orientated and environed atoms of the same element, zinc or 
sulphur, ami (^.♦■hc atoms of both elements regarded as equal spheres 
in contact. In the slide already shown (Fig. 8, Plate II), of Barlow and 
Pope’s model, the spheres of sulphur are coloured yellow to distinguish 
them from the grey-coloured spheres of zinc. If we ignore the colour, 
and consider them 
as similar spheres, we 
see that they form the 
centred-face cubic ar- 
rangement. The hemi- 
hedral nature of zinc 
blende is, however, \ery 
likely connected with 
some real difference of 
volume between the 
atomic spheres. As the 
spot figure is holohedral 
it would appear to be 
due to the space -lattices 
of similarly phu’od atoms 
of either (but in each 
lattice only one) clement, 
rather than to the spheres of the combined system of atoms. 

This latter conclusion is further borne out by the result of the new 
work by Laue on quartz. The photograph now shown (Fig. 20, Plate IV), 
so kindly sent by Professor Laue, exhibits the trigonal nature of the 
symmetry very clearly, and Professor Laue informs me that the same 
figure is afforded by both right and left quartz, so that it does not 
reveal the hemihedral character of quartz which has been demon- 
strated this evening, but possesses the full holohedral symmetry of 



Pig. 19. — Explanation of Elliptical 
Shape op Spots. 
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the trigonal space-lattice, and exhibits the threefold nature of the 
axis of symmetry which is perpendicular to the plate and along which 
the X-rays were directed. 

Professor Laue has also experimented with the crystiils of a 
number of other cubic substances, and, like zinc blende, they all 
show holohedral symmetry about a tetragonal axis. 

W. L. Bragg has found that stronger photographs of the same 
nature can be obtained from mica, using nearly grazing inc'idence, 
and it is by use of this fact that Mosely and Darwin have been able 
to study the reflected rays electrically, and found them to resemble 
ordinary X-rays. By the kindness of Mr. Bragg, a diagram of his 
apparatus and a positive lantern slide of one of his mica spot photo- 
graphs are exhibited on the screen. The large white spot is due to 
the direct rays ; the next brightest but smaller spot considerably above 
the direct one is due to rays reflected from the cleavage i)lane, and 
the other spots to reflections from other possible faces and planes of 
the monoclinic space-lattice ; all the spots arc such as are compatible 
with this lattice, and with the well knovMi fact that the monoclinic 
angle is almost 00\ The spots lie on two ellipses intersecting at the 
central direct spot and at the upper bright one, each (‘llipse corre- 
sponding to a set of parallel rows of points, the crossing of the two 
sets forming rhombic parallelograms, the basal edges of the mono- 
clinic prismatic space-lattice cell of mica. 

Incidentally these exiieriments appear likely to throw light on the 
much-debated question of the nature of the X-rays. As all the 
experiments unite in indicating that a fraction of the X-rays suffers 
reflection at the planes of atoms parallel to the moi?» important 
possible crystal faces, all being planes of atomic points of the space- 
lattice, it would appear that the X-rays are some type of wave-motion, 
or at auy rate some kind of pulse wdih an extended wave-front. Yet 
after reflection they retain the same corpuscular cl laracter which Prof. 
W. H. Bragg has shown they possess. For the liberation of a higli- 
speed electron from an atom traversed by the X-ray cannot be 
explained, according to Rutherford, unless it be supposed that the 
energy of the X-ray is concentrated over a minute volume, and can 
be given np in an encounter with a single atom. Hence these 
experiments show that the X-rays possess at the same time the 
apparently opposite properties of extension over a wave-front and 
concentration in a corpuscular point. 

It appears to the lecturer that the simpler explanation is that we 
are truly dealing with waves, but that the wave-lengths of the X-rays 
are excessively short, approaching atomic dimensions. This view 
that the X-rays ajje waves is further supported by the results 6f some 
experiments just completed by Barkla, in which a diverging pencil 
of X-rays was directed on a crystal of rock salt, and the issuing rays 
received on a photographic plate in the same maimer as in the 
experiments already described. The developed plate shows a new^ 
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phenomenon, namely, striation of the spots obtained by reflection 
from the planes of atoms of the space-lattice, especially in the reflec- 
tions from the cubic cleavage planes. The striations are, in fact, 
true interference bands, due to interference of the reflections from 
equally spaced parallel planes of the space-lattice. By the kind 
courtesy of Prof. Barkla, two of these interesting photographs are 
projected on the screen. On the assumption that the X-rays are 
waves, and that the reflectins: plane is one passing through corre- 
sponding portions of single molecules— which agrees with the 

choice of a representative point from each simple molecular grosser 
unit, or of a similarly situated atom of one of the two chemical 
elements ])reseiit in each molecule NaCl to act as such representative 
point of the space-lattice — Barkla has calculated that the wave- 
length is the one hundred and sixty millionth of a millimetre, 
0*0 X lU"® mm. If the grosser unit be polymolecular, the wave- 
lengtli works out larger, being proportional to the cube root of the 
number of atoms in the molecule. If H molecules form the grosser 
unit of sodium chloride ciTstals, as suggested by some chemists, the 
wave-length i*^ /ound l)y li.irkla to he twice this value, namely, 
1*2 X lO"^ itim. ; and if IG molecules of Na('l are comprised in the 
grosser unit, as would be the case if Barlow and Pope’s structure for 
the cubic binary compounds be correct (the space-lattice in the case 
of rock salt being that of the simple cube, No. 1), the wave-length 
would be still longer, about the seventy millionth of a millimetre, 
1*5 X 10"® mm. Is^ow it is very interesting that these values are of 
the siinie order as those derived from determinations of the velocity 
of electron ejection, which varied from 1 to 2 x 10"^ mm. 

The most trustworthy recent estimations of the size of a molecule 
of rock salt indicate a diameter about 8 x 10"^ mm. Hence the 
diameter of a crystallographic molecule 8NaCl would be 6 x 10'“^ mm., 
and of IGNaCl about 7*5 x 10’'^ mm. 

It should be emphasized, in concluding the account of this 
fascinating new field of research, that all these reflections occur in 
the body of the crystal, and are not surface effects. Cleavage planes 
usually afford stronger results merely because they are generally 
primary planes of high reticular density. The effect is sometimes 
heightened by conducting the X-rays at nearly grazing incidence ; 
but this is by no means necessary, and in Lane’s experiments several 
of the planes w^ere inclined as much as 30" to the incident rays.* 

The experimental proof of the existence of the space-lattice 
imparts all the more confidence in approaching the other great 
advance which has lately been achieved. The completion of the 
catalogue of crystallographically measured substances by Prof, von 
Uroth, provokes the question : Wbat more J" needed in order to 
enable a crystallized substance described in the book to be recognized 
by means of a few measurements on the goniometer ? For it is now 


See Appendix, last page. 
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proved up to the hilt that, except in the cases of cubic crystals 
identical in angles in accordance with their perfect symmetry, 
every solid crystallizable substance is characterized by its own 
peculiar crystalline form and interfacial angles. This is quite 
true, even to the last minute of angular measurement, when the 
conditions of crystallization are ideal. When thus pe^rfect, even iso- 
morphous substances show differences among themselves to the extent 
of a definitely measurable number of minutes. But such perfection 
of growth is not easy to attain, and, in ordinary crystallization with- 
out special precaution against disturbance, is rarely found. The 
essential crystallographic measurements can, however, be made in 
an hour’s time, provided use be made of the two- or three-circle 
form of goniometer, such as the excellent one devised by Dr. 
Herbert Smith. This form of goniometer enables all the needful 
measurements of the intcrfacial angles to be made with a single 
setting of the crystal on the wax of the holder. But practical 
difficulties have hitherto still stood in the way. Excellent as is 
von Groth’s classification — and the most suiUible for a work of 
reference of the full and comprehensive character of this per- 
manent monument of the master’s industry and wide knowledge 
of chemistry, related compounds being arranged and compared m 
close proximity— the very nature and size of such a work renders it 
unsuitable for the purpose of discovering rapidly the chemical com- 
position of a substance from its geometrical elements. An index of 
substances arranged in the order of their sjmmetry and the numerical 
values of the crystal constants within the system is what is needed, 
and this has now for the first time been drawn upTTor the ten 
thousand measured substances by Professor von Fedorow. 

Another difficulty'then presents itself. It often entirely depends 
on how. a crystal is held in space, that is, which direction in it is to 
be the vertical axis, which the right-and-left axis, and which the 
front-and-back axis, as to what the nature of the crystal constants 
(elements) will be. Moreover, even if two different observers choose 
these similarly, they may select a different parametral plane (a fourth 
face other than the three faces parallel to the axes, and cutting off 
unit lengths from the latter) to determine the axial ratios. Hitherto, 
beyond a few arbitrary rules — for instance, that the right-and-left axis 
of a rhombic crystal shall be longer than the front-to-back one — there 
has been no definite guiding principle for the determination of the 
setting. Professor von Fedorow has now given us one, by means of 
which we can be sure which are the real vertical faces (prismatic or 
pinakoidal), which is the basal plane (the pair of top and bottom 
faces), and which set of pyramid faces are the important oiies fixing 
the relative axial lengths. The true setting has been deterrtiined by 
Professor von Fedorow for every one of the substances in his index, 
and the crystal elements for such setting calculated. 

The mode of classification adopted in this index-catalogue is based 
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on the values of the five fundamental angles which, in general, 
characterize the crystals of any specific substance. A cubic crystal 
has definite angles which are entirely fixed and rendered invariable 
by reason of the perfect symmetry. At the other extreme come 
triclinic crystals, the general case, in which all five fundamental 
angles are different and quite independent of each other. On mono- 
clinic crystals there are three independent angles, from which the 
other two can be calculated. Rhombic crystals have only two inde- 
pendent angles, which, if measured, enable the other three to be 
calculated. Hexagonal, tetragonal, and trigonal crystals possess only 
one angle inde{)endent of the symmetry, determinative of the relative 
length of the unique axis of hexagonal, tetragonal, or trigonal 
symmetry. 

The first object of von Fedorow in order to arrive at the correct 
setting, is to decide which are the primary axial-plane and parametral 
faces ; and he is wonderfully aided here by the discovery of the fact 



Fig. 21 — Crystal of Ammonium Fig. 22 —Crystal of Potassium 
F l RROUS SULPHATL NiCKEL SULPHATB. 


that the faces most extensively developed under ideal conditions of 
growth are those over which the points of the space-lattice are most 
densely strewn. Hence, von Fedorow tries to discover the faces of 
greatest reticular density by calculation. For it is a well-known 
fact that the most diverse habits —due to different faces being most 
prominently developed under different conditions of environment — 
are shown by the crystals of the same substance. A capital example 
is afforded by the double sulphates of the monoclinic series crystal- 
lizing with OHgO. One of the commonest of these salts, ammonium 
ferrous sulphate, (NUj)2Fe(S04)2.6H20, exhibits a particular form 
(consisting of a pair of parallel faces), r {201}, not really a primary 
one, so prominently, the crystals being tabular upon it as illustrated 
in the lantern slide (Fig. 21), that Wulff has actaally taken it as the 
basal plane, i*ather than the form c{001}, which is considered by the 
lecturer, following older observers, to be the true basal plane for this 
whole series of isomorphous salts. For the very large development 
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of / is only a feature of this particular salt of a very large isomorphous 
series, and the form r{001 } is in geueml the plane clearly and promi- 
nently announcing itself as the basal plane. The slide (Fig. 22) of a 
crystal of another member of the series, potassium nickel sulphate, 
will show this. Hence, Prof, von Fedorow naturally does not rely on 
the fortuitous relative development of faces, but calculates the relative 
reticular density of all the principal faces present, in order to discover 
the true primary faces by tneir superior reticular density. 

Having thus determined the correct setting, and measured the 
principal angles, including the five fundamental ones, the results are 
recorded m the index-table in an abbreviated symbolic form if the 
substance be a new one, or, if it has previously been measured and 
therefore appears in his index-table, he discovers the fact at once by 
the identity of the elements found with those of a substance given 
in the table. The average time occupied in all this by Prof, von 
Fedorow or one of his skilled assistants is about two hours. Mr. T. Y. 
Barker, who studied with Prof, von Fedorow before acting as 
Demonstrator of Mineralogy at Oxford, has been of considerable help 
in submitting the new method to a very severe test, from wliich it 
has emerged with flying colours. He collected, at Prof, von 
Fedorow’s suggestion, fifty specimens of suhstiinces which had been 
crystallographically examined in this country and described m the 
recognized publications. Five of these were furnished iiy the 
lecturer, six others by Prof. Armstrong with the aid of Messrs. (\)lgate 
and Rodd, others by Drs. Ohattaway and Driignmn, and Mr. Marsh 
at Oxford, and the remainder by Mr. Barker hiuihelf. Each specimen 
was only marked by a number, no name or formula hiding given, on 
its disjxitch to St. Petersburg. TIjc result was that Prof, von 
Fedorow identified without any dilficulty is ot tin* r>() substances. 
The crystals of one of the twx) others wert' too imperfectly developed 
to be of use, and the fiftieth specimen was tliat of a substance \\hich 
it was afterw’ards discovered had never hitlicrto been measured, .i 
fact which was first indicated by its elements not tallying with those 
of any substance mentioned in the table. This latter occurrence 
confers even greater confidence in accepting the imnv rnt'thod. 

It thus appears that in Prof, von Fedorow’s hands, or those of 
his pupils, the method is practically infallible, provided the crystals 
are well developed and not of cubic symmetry. If the latter perfect 
symmetry be developed, reference must be made to the optical pro- 
perties, which the lecturer has always insisted have lieen far too much 
neglected, and are here seen to be indispensable. The optical methods 
themselves, moreover, as regards their use with small crystals on the 
polarizing microscope, have been further perfected by von Fedorow, 
his Universal Stage placing the rapid methods of two- twid three- 
circle goniometry at the disposal of the microscopist. It must also 
be remembered that Prof, von Fedorow’s method does not discrimin- 
ate between the members of isomorphous series, as the crystals usually 
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available are not of the high degree of perfection requisite in order 
clearly to substantiate the last few minutes of any particular angle ; 
for the differences of angle between the members of series formed by 
metallic family analogues have been shown by the lecturer to be very 
minute, although unmistakable given the most perfect crystals, and 
have also been found to obey the law of progression according to the 
atomic weight of the metal. For instance, ammonium zinc sulphate 
was simply returned by Prof, von Fedorow as a member of the isomor- 
pbous series of monoclinic double sulphates and selenates crystallizing 
with 6 H 2 O. Qualitative analysis would be necessary after all, in order 
to discover the actual member of the series present. Moreover, there 
are certain features of Prof, von Fedorow’s own peculiar version of 
the theory of crystal structure, such as his idea about pseudo-cubic 
and pseudo-hexagonal types, and his desiling in consequence with 
many substances as being deformations of a higher symmetry than 
they actually show, which to the lecturer appear unnecessary compli- 
cations likely to discourage the use of the new method But these 
defects can, and doubtless will, be eliminated as the method becomes 
practically appficd. 

In conclusion, it must be obvious that a great advance has really 
now been made in crystallography. For the geometrical theory of 
crystals as homogeneous structures, based on the 14 space-lattices as 
the grosser structures and the 230 point-systems as the ultimate 
atomic structures, has been not only theoretically perfected, but 
proved by direct experiment to be an actual fact, by the epoch- 
making vvoi’k of Lane, Friedrich, and Knippiiig. The descriptions 
and chemical relationships of all the ten thousand measured subsUinces 
have been brought together in the great book of Prof, von Groth, 
and the material further sifted, reduced to correct setting, and 
arranged a<’cording to symmetry and elements by Prof, von Fedorow, 
in a tabular form immediately available as a reference index for 
identifiaition purposes, thus providing the material for a true crystallo- 
cheraicul analysis. The science of crysUillography is thus now 
placed on a secure foundation, supportetl equally by mathematics, 
geometry, and experiment, and its natural data are rendered available 
for chemists and ])hysicists alike. 

It must be obvious that these significant results place the science 
in such a strong i)osition that it can no longer be ignored as in the 
past by both physicists and chemists, and that to both an elementary 
knowledge of the subject will be imperative and absolutely in- 
dispensable in future. That crystallochemical analysis will ever 
replace (jualitative chemical analysis is neither to be expected nor 
desired, even if alone on the ground of the admirable training and 
experience in chemical operations and principles which chemical 
analysis affords. But so powerful an aid cannot with impunity be 
neglected, and the knowledge of crystallography required of the 
chemist who desires to be armed with the new weapon of research 
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will be of the utmost benefit to him, in the sense of giving him a 
wider grasp of the nature both of the particular chemical solid matter 
under his own immediate investigation, and of the nature of solid 
matter, the most highly organized of all the forms of matter, in 
general. 

[A. E. H.T.] 


Appendix. 

Since this lecture was delivered, the following further experiments 
with X-rays and crystals have been described in ** Nature" (1912, Vol. 91, 
pages 111, 186, and 161). H. B. Keene has obtained with crystals of 
galena, mica, and rock salt analogous results to those of Laue, Friedrich, 
and Knipping, the spot diagrams corresponding to the holobedral system - 
atio synunetry in each case. T. Terada has found that the transmitted 
rays may be rendered optically visible by means of an ordinary fluorescent 
screen, provided the pencil of rays be from 5 to 10 mm. in diameter and 
the crystal adequately transparent to the rays ; this latter he found to be 
the case with crystals of alum, borax, cane-sugar, fluorspar, mica, rock 
crystal, and rock salt, in thicknesses of 4 to 10 mm. M. de Broglie has 
obtained spot diagrams similar to those of Laue, Friedrich, and Knipping, 
with fluorspar, magnetite (using an octahedron face), and rock salt; but 
all the spots were striated with parallel fringes. Finally, Owen and Blake 
have obtained what appears to be a line spectrum of X-rays by using the 
surface of a crystal of gypsum as a diffraction grating. The lines were 
always the same with different crystals, using the same X-ray bulb, but the 
different lines varied in intensity with the hardness (degree^f vacuum) 
of the bulb. The evidence from the action of crystals on X-rays is thus 
accumulating that the X-rays are waves of exceedingly short wave-length. 
—A. E. H. T. 

Ajpril 22, 1913. 



Friday, April 4, 1913. 

Alexander Siemens, Esq., M.Inst.C.E., Vice-President, 
in the Chair. 

James J. Dobbie, Esq., M.A. LL.D. D.Sc. F.R.S. M.R.I. 

The Spectroscope in Organic Chemistry. 

Somewhat more than half a century ago, while engaged, with the 
assistance of Faraday, in preparing experiments for a Friday evening 
discourse in this Institution, Stokes observed that the spectrum of 
the electric light extended to five or six times the length of the 
visible spectrum when he employed prisms and lenses of quartz 
instead of This extension occurs at the violet end of the 

spectrum, and consists of rays of high refrangibility to which the eye 
is insensitive, but which can be made apparent by means of a fluor- 
escent screen. 

At the time of this discovery, and in the years immediately follow- 
ing it, attention was being directed to the absorption of light by 
coloured solutions, and to the possibility of identifying coloured 
substances by the number and position of the dark bands in the 
spectrum of light transmitted through their solutions. Stokes saw 
that by his discovery of the extension of the spectrum beyond the 
visible region, this method of investigation might be applied to 
colourless as well as to coloured substances. In a paper communi- 
cated to the Royal Society in 1862, he says : — “ The mode of absorp- 
tion of light by colourless solutions as observed by the prism, affords, 
in many cases, most valuable characters of particular substances, which, 
strange to say, though so easily observed, have till very lately been 
almost wholly neglected by chemists.” . . . “ Having obtained the 
long spectrum above mentioned I could not fail to be interested in 
the manner in which substances —especially pure, but otherwise imper- 
fectly known organic substances — might behave as to their absorp- 
tion of the rays of high refrangibility.” He proceeded, therefore, to 
study the action of various organic solutions on the ultra-violet rays, 
and found that the mode of absorption generally was so constant and 
so chanicteristic that by this single property many substances could 
be identified. The substances which be examined included the best 
known vegetable alkaloids, all of which, with the exception of mor- 
phine and codeine, he was able to distinguish from one another by 
means of their absorption bauds. This was a very remarkable antici- 
pation of the results of later work on the subject, when we remember 
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the great difficulties that must have been encountered in observing 
and measuring accurately the position of bands on a luminous screen. 

While Stokes was engaged in these researches, Prof. William Allen 
Miller was simultaneously at work in the same field, and Stokes left 
the further development of the subject in his hands. Instead of a 
fluorescent screen, Miller employed a sensitive photographic plate for 
the reception of the spectrum. The rays of light were by this means 
made to register their own position and intensity, and a permanent 
record was obtained which could be studied at leisure. Miller failed, 
however, to “ trace any special connexion between the chemical com- 
plexity of a substance and its diactinic power.” Struck by this fact, 
W. N. Hartley — now Sir Walter Hartley — commenced a systematic 
investigation of the whole subject, and it is to his researches, extend- 
ing over a period of more than thirty years, that we owe, not only 
most of the knowledge which we now possess of the relation between 
the structure of organic substances and the action of such substances 
on the ultra-violet rays, but the elaboration of the convenient and 
elegant methods by which such investigations are now conducted. 

The light derived from an ordinary source of illumination, such 
as an electric lamp, consists of waves of all degrees of refrangibility, 
and its spectrum shows a continuous band of colour ranging from 
red to violet. The limits of this visible spectrum lie between the 
wave-lengths 7600 and 3900. 

If, instead of the electric light or other ordinary source of illu- 
mination, we employ the light emitted by one of the metals when 
raised to a high temperature, the spectrum is seen to consist of a 
series of lines of dilferent colours and intensities lying -^Mtliin the 
same limits as the visible spectrum. But there are rays beyond the 
red end of the spectrunt and rays beyond the violet end which excite 
no sensation of luminosity in the eye By allowing the spt’Ctrum 
to fall upon a screen which has been coated with a fluorescent sub- 
stance, such as sulphate of quinine or a salt of uranium, these rays 
are rendered visible for a snort distance beyond the violet But it 
is only when w’e replace the glass apparatus, with which we have 
hitherto been working, by a quartz prism and lenses, and hubstitute 
a photographic plate for the eye, that the full extent of the spectrum 
beyond the violet is revealed (Fig. 1). This is the ultra-violet region 
— the region which Stokes opened up to investigation, and it is with 
the behaviour of organic substances towards the rays of this part of 
the spectrum that we have mainlv to do this evening. 

When light is transmitted through a coloured solution certain 
rays are absorbed, and dark bands corresponding to these rays appear 
in the spectrum The importance of these bands as a mefcns of 
distinguishing coloured substances has long I>een recognized, Ind, as 
we have already seen, considerable progress had been made with 
their study fifty years b^o. As the bands in this c^e are in the 
visible spectrum, no special means are required for their observation. 
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But when we extend this method of investigation to colourless 
substances, we are dealing with phenomena which lie hidden from 
the unaided eje, and our investigations are necessarily carried out 
with the help of photography. 

The instrument employed in the study of absorption spectra con- 
sists of a spectroscope in which the eye-piece of the telescope is 
replaced by a camera. The photographic plate is set at sucn an 
angle as to bring all the rays emanating from the source of light into 
focus at its surface after they have passed through the resolving 
prism, and for this purpose it is necessary that the plate should have 
a very slight curvature. The prisms and lenses of the apparatus are 
made of quartz, which, unlike glass, is readily permeable by the ultra- 
violet rays. The source of light usually employed is that obtained 
by sparking one of the metals, such as iron, or a combination of 
metals, such as cadmium alloyed with lead and tin, selected so as to 
give a large number of lines spread as uniformly as possible over the 
whole ultra-violet region. The advantiige of such a spectrum over a 
continuous spectrum is tliat the position of absorption bands, when 
they occur, can .*asily be determined with reference to the metallic 
lines whose wave-lengths and place in the spectrum are known with 
great accunicy. In using the apparatus a photoirraph is first taken 
of the spectrum of the source of light. A layer of the substance to 
be examined, which, if a solid, must l)e dissolved in a suitable 
diactinic solvent, such as alcohol or water, is then interposed between 
the source of light and the slit of the collimator, and another photo- 
graph is taken. By comp,irison of the two photographs it is seen 
what effect, if any, the substance has had upon the transmission of 
the light. 

When organic substaii<‘es are examined in this \vay it is found 
that some allow light to pass freely through them. Others shorten 
the spectrum hy absorbing the rays at the ultra-violet end to a gf eater 
or less extent, and are said to show general absorption. Others, again, 
possess the remarkable property of absorbing rays of a particular 
wave-length, thereby producing gaps or bands in the spectrum ; 
these are said to show selective absorption (Fig. 2). 

In studying these phenomena in their relation to the chemical 
characters of a substance, it is of importance to determine not only 
tlie extent of the general absorption and the number and position 
of the absorption bands, but their degree of persistence, i.c. the 
range of concentration within which they are exhibited. It is 
necessary, therefore, to vary the concentration of the solution or 
the thickness of the layer so as to cover the whole phenomena ol 
absorption. This is done by simply diluting the solution, or diminish- 
ing the thickness of layer on the one hand, uni*l the entire spectrum 
is transmitted ; and on the other hand, by increasing the concentra- 
tion or the thickness of the layer until no further characteristic 
absorptive effect is produced. Photographs (Fig. 3) are taken at each 
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concentration, and a curve is drawn connecting the concentration 
and the absorption as measured with reference to the lines of the metal 
employed as a source of light. The values of the spectral lines are 
usually stated in wave-lengths, but in these curves it is preferable to 
express them in reciprocals of wave-lengths. It is also convenient 
to make use of the logarithms of the numbers representing the 
thicknesses of the layers examined, rather than the numbers them- 
selves (Fig. 4.) 

If we now enquire whether the substances which affect light in 
one or other of the different ways already indicated have themselves 
anything in common, we find that it is with those which possess the 
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structure characteristic of benzene and its derivatives that the power 
of absorbing the rays of particular parts of the spectrum is most fre- 
quently, although not exclusively, associated 

Organic compounds, or compounds containing the element carl)on, 
are divided into fatty or aliphatic, in which the carbon atoms are 
united in an open chain, and cyclic, in which the carboit atoms 
form a closed chain or ring. Hexane, which is a constitaent of 
liquid paraffin, may be taken as an example of the first class^ This 
suDstance possesses six car}>on atoms united together in a singte chain 
and having attached to them fourteen hydrogen atoms, giving as the 
formula of the compound This substance is hij^ly diactinic 

or transparent to the ultra-violet rays, and nearly all compounds 
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belonging to the same division of organic chemistry such as alcohols, 
sugars, and fatty acids are either equally transparent to light, or only 
cut off a portion of the extreme ultra-violet rays of the spectrum. 

If we now remove one atom of hydrogen from each of the two 
end carbon atoms of hexane, these atoms are in a condition to unite 
directly with each other, thus closing the chain. The substance so 
formed belongs to the cyclic division of organic compounds. It is 
known as cyclohexane, and has the formula CgHig, each carbon atom 
having two hydrogen atoms attached to iu This substance resembles 
hexane generally in its chemical properties, and behaves towards 
light in the same way, that is to say, it is practically diactinic or 
only cuts off some of the rays of light at the extreme ultra-violet end 
of the spectrum. Speaking quite generally, it may be said that 
bodies constituted like cyclohexane absorb more of "the ultra-violet 
rays than those constituted like hexane. 

But a wholly different condition is brought about if we suppose 
one atom of hydrogen removed from each of the six carbon atoms 
of cyclohexane. One linkage is thus set free in each of the six carbon 
atoms, and we' • '>tain benzene. How these linkages are actually 
employed in benzene has never been determined with certainty. 
Sometimes they are represented as mutually neutralizing one 
another, sometimes as effecting a double link between the alternate 
pairs of carbon atoms. However this may be, the structure which 
bears the relation that I have indicated to the structure of hexane 
and cyclohexane is characteristic of the large group of organic sub- 
stances of which benzene is the type. It is to this division of the 
cyclic compounds that the great majority of substances which show 
selective absorption, i.e. produce breaks or dark bands in the 
spectrum, belong. Here, then, we have a very important and a 
very general relation l)etween the structure of organic suMances 
and their absorption spectra. 

The difference in the behaviour of organic bodies towards the 
ultra-violet rays, as exemplified in hexane and cyclohexane on the 
one hand, and benzene on the other, is brought out ver^ clearly 
when we examine some of their derivatives. If we replace an atom 
of hydrogen in hexane or cyclohexane by the monovalent group 
hydroxyl, wc get substances l>elonging to the class of alcohols, and 
these substances are, like their parent substances, highly diactinic. 
If, on the other hand, we replace an atom of hydrogen in benzene 
by the same group we get carbolic acid or phenol, which, like 
benzene, exorcises selective absorption on the ultra-violet rays, but 
gives a spectrum widely different from that of benzene. 

Having dealt w'ith the most general relation that has been 
observed l>etween the structure of organic subsUiuces and their action 
on the ultra-violet rays, I propose to illustrate some of the more 
special relations by examples from the phenomena of isomerism. By 
replacing an atom of hydrogen in carbolic acid or phenol by the nitru- 
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group we obtain three distinct nitrophenols. The ultimate particles 
or molecules of these nitrophenols are all composed of the same 
elements carbon, hydrogen, oxygen and nitrogen, and of the same 
number of atoms of ea^ element Such substances are said to be 
isomeric, i.e. they are made up of equal parts, although they do not 
possess the same properties. The difference between them lies in the 
arrangement of the parts relatively to each other ; in this case in the 
position of the nitro-group in relation to the hydroxyl-group. On 
comparing the spectra of the three nitrophenols we find that they 
differ in quite a marked manner from one another, and afford an 
illustration of the important general rule that substances which have 
the same composition give different spectra if they differ in struc- 
ture, i.e. in the arrangement of the atoms of their molecules. 

It will have been noticed that the substitution of the nitro-group 
for hydrogen in phenol has the effect of shifting the absorption band 
nearer to the visible region. One of the three nitrophenols has a 
yellow colour, and in this case the gap in the spectrum cuts a little 
way into the violet end of the visible region. By the addition of 
soda to the solution the colour is changed to red, and on examining 
the spectrum of this solution we see that the gap now extends far into 
the visible region. This example will serve to illustrate the close 
connexion that exists between the study of absorption spectra and 
the origin of colour, an interesting branch of the subject with which, 
however, it is impossible for me to deal within the limits of this 
discourse. 

In the nitrophenols we have an example of what is known as 
structural isomerism, or position isomerism, because the phenomenon 
depends upon differences in the position or arrangement of the atoms 
within the molecule — in other words, on the internal structure of the 
molecule. But it is possible to have two substances of the same 
composition and structure not identical, but related to one an- 
other as an object is to its mirror-image. Substances so related 
are termed optical isomers or stereo-isomers. The spectra of isomers 
of this class, unlike those of structural isomers, do not differ. This 
leads to an important application of absorption spectra in chemical 
investigations. If two substances have the same composition but 
different spectra, we know that they must be structurally different ; 
if, on the other hand, they have the same composition and the same 
spectra, and yet are not identical, there is a strong probability, 
although not a certainty, that they are optical isomers. To take 
an example. We know three substance.** of vegetable origin-^papa- 
verine (from opium), canadine (from the roots of Hydrasti$ cam- 
denBi$\ and tetrj^hydro-berberine (a derivative of the principal 
alkaloid obtained from species of the barberry) — which have the same 
chemical composition represented by the formula C20H21NO4. Papa- 
verine and canadine differ widely in their spectra and in their struc- 
ture ; canadine and tetra-hydro-berberine have identical spectra. 
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from which we should infer that thej are in all probability stereo- 
isomers, a conclusion which has been independently established by the 
most satisfactory chemical evidence. 

In applying this reasoning in the investigation of bodies of un- 
known structure, it has always to be borne in mind that while we may 
safely infer from dissimilarity of spectra, dissimilarity of structure, w^e 
cannot always infer similarity of structure from similarity of spectra. 

The study of absorption spectra has proved of special value in the 
investigation of substances capable of existing in two forms which 
may pass from the one into the other. It is rarely the case that 
both forms of such substances are stable, and it is often extremely 
difficult, or altogether impossible, on account of this instability to 
determine by the ordinary chemical processes which of the two possible 
forms the substance as we know it possesses. Such substances, how- 
ever, frequently give rise to two series of stable isomeric methyl 
or ethyl derivatives, whose structure can be ascertained by chemical 
investigation. The parent substance, if not a mixture of the two 
foiTus, must correspond in structure with one or other of these 
derivatives, be- nnse it is a well-established fact that the introduction 
of the methyl or ethyl group into a substance in place of an atom 
of hydrogen does not appreciably alter the spectrum. 

An example of this is afforded by the three substances isatin, 
methyl-isatin, and methyl-pseudo-isatin. The structure of methyl- 
isatin and of methyl-pseudo-isatin has been determined by chemical 
methods, but the structure of the parent substance isatin cannot be 
determined in this w'ay. Is it constituted like methyl-isatin or like 
methyl-pseudo-isatin ? Inspection of the photographs of the spectra 
of tlie three substances shows that while there is a wide difference 
between the spectra of isatin and methyl-isatin, the spectra of isatin 
and methyl-pseudo-istitin are almost identiciil, as we should expect 
them to be on the view that they are constructed alike. 

This phenomenon, which is known as tautomerism, is due to the 
fact that some substances contain an atom of hydrogen, or it may be 
a hydroxyl group, which readily shifts its position within the mole- 
cule, leaving its union with one atom to attach itself to another. 
Another example of this is afforded by cotaruinc, a substance found 
in opium. The molecule of cotarnine possesses an atom of carbon 
which is directly combined with an atom of nitrogen, and haa also 
united to it a hydroxyl group. Under the influence of certain 
reagents the hydroxyl group leaves the carbon atom and attaches 
itself to the nitrogen atom, but can readily, by an alteration of the 
conditions, be enticed l)ack again to the carbon atom. The shifting 
of the position of the hydroxyl group is accompanied by other 
changes which, however, it is not necessary that we should take into 
account for our present purpose. In this case both of the tautomeric 
forms are, under certain conditions, stitble. The form in which the 
hydroxyl is attached to the carbon is colourless, while the form in 
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which it is attached to the oitrogen is yellow. The two forms have 
totally distinct absorption spectra. When one of the forms passes 
into the other under the influence of the appropriate reagent, the 
amount of change is proportional to the quantity of reagent added. 
It is possible, ^erefore, by taking photographs after the addition 
of each successive quantity of reagent to trace the progress of the 
change through all its phases, and to ascertain how much of each 
form is present at any time. This is done by comparison with a 
series of reference plates prepared by photographing mixtures in 
various definite proportions of two derivatives of cotarnine which 
possess the same spectra as the two parent forms. 

Incidentally I may mention that these changes afford a basis for 
the measurement of the relative strength of alkalis and acids. For 
example, the change from the yellow to the colourless form of cotar- 
nine takes place under the influence of alkalis, and by comparing the 
amount of change produced by equivalent quantities of different 
alkalis we obtain a measure of their strength. 

The spectrographic method of investigation has been applied with 
marked success to the study of the vegetable alkaloids. Many of 
these substances, such as quinine, mo^hine, strychnine, and atro- 
pine, possess powerful and valuable physiological properties, and their 
careful investigation is of the greatest importance to medical science. 
The number of atoms present in the molecule of an alkaloid is 
nearly always large, frequently as many as fifty or sixty. It is obvious, 
therefore, that the task of determining their exact relation to one 
another must be one of no little difficulty, and as a matter of fact 
the elucidation of the structure of an alkaloid is one of ^e hardest 
problems that the organic chemist can set himself. Any method, 
therefore, which assists.the chemical examination is of peculiar value 
in this branch of organic chemistry. 

In investigating an alkaloid or any organic compound, the first 
thing that the chemist has to do is to determine the elements of 
whicn it is composed, and the number of atoms of each of those 
elements present in one of its molecules or ultimate particles ; in 
a word, what is known as its molecular formula. This is a com- 
paratively easy operation : the difficulty comes when he attempts to 
determine the structure of the molecule, i.e. the exact manner in 
which the atoms are arranged with respect to one another. Now it 
may happen that two or more alkaloids have the same, or nearly the 
same, composition. The question arises, are they constructed on 
the same plan ? It is in attempting to answer this (question that 
the value of the spectroscope asserts itself. If on dissolving the 
alkaloids in some diactinic solvent and photographing their absorp- 
tion spectra, we find that the spectra are wholly different, ute may 
conclude that in spite of the similarity, or even identity in their 
composition, the substances are not intimately connected with one 
anotner. If, on the other hand, we find that the spectra are the 
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same, or very similar, it is probable that the substances are closely 
related. If the composition is the same and the spectra are the 
same, the substances are almost certainly optical isomers. Of bodies 
related in this way we have already had an example in papaverine, 
canadine, and tetra-hydro-berberine. 

Amongst the rare alkaloids of opium are two, to which the names 
of laudanin and laudanosin respectively have been given. They have 
nearly, but not quite, the same composition, laudanosin containing 
one atom of carbon and two atoms of hydrogen more than laudanin ; 
in other words, it is a homologue of laudanin. Substances so related, 
hardly differ in their spectra, the replacement of one atom of 
hydrogen by the group of atoms CH3 having very little disturbing 
influence, as we have already seen, upon the structure of a substance 
or upon its power of absorbing light. The spectra of laudanin and 
laudanosin being practically the same, it was inferred that they 
possessed the same structure and were probably homologous, before 
the fact had been ascertained by the usual chemical examination. 

I must here advert again for a moment to Stokes work on 
absorption sp^tra. I mentioned at the outset that he had been 
able to disti\iguiah all the alkaloids he examined from one another 
by means of their absorption bands, except morphine and codeine. 
At that time the relation of these alkaloids to one another was 
unknown. We now know that they are homologues, and in that 
fact have the explanation of Stokes’ failure to distinguish them by 
their absorption bands, and at the same time a striking testimony to 
the accuracy of his observations. 

The examination of the spectra of laudanin and laudanosin not 
only reveiiled the fact that the two substances are homologues, but 
gave a clear indication as to the group of alkaloids to which they are 
most closely allied. When the spectra were compared with those 
of other alkaloids, they were found to resemble the spectra uf cory- 
daline and the related alkaloids so closely as to leave very little 
room for doubt that they are built on the same plan as these 
alkaloids. At the time that this conclusion was arrived at, practic- 
ally nothing was known as to the chemical structure of laudanin 
and laudanosin, but the inference as to their close association with 
corydaline was subsequently fully justified by chemical investigation. 

Apart from their structure there is another point of view from 
which the study of the spectra of the alkaloids is of interest and im- 
portance. These substances generally have very characteristic spectra 
by means of which they can be distinguished with certainty from one 
another, except when . they are homologous or otherwise very closely 
related. The spectroscopic method may, therefore, be used with 
great advantage in examinations for the presence of alkaloids to con- 
firm the results obtained by the usual chemical tests. The chemical 
tests are no doubt as a rule sufficiently distinctive, but considering 
the gravity of the circumstances under which they have frequently 
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to be applied, it is unnecessary to insist on the value of the confir- 
matory evidence which can be obtained by the use of the spectro- 
scope. 

The minutest quantities of alkaloids can be detected by this 
means, the method rivalling the colour reactions for the alkaloids in 
delicacy. Thus, with a quantity of strychnine not exceeding 3 of a 
gmn, a clearly defined spectrum of the alkaloid can be obtained. 
The photograph of morphine already shown was obtained with of 
a grain of the alkaloid (Fig 5), and that of nicotine with 

The spectroscope serves not only for the detection, but for the 
estimation of alkaloids ; by comparing the spectrum obtained with 
an unknown quantity of an alkaloid with a series of spectra obtained 
by photographing known quantities of the same alkaloid, it is 
possible to make quantitative determinations of a high degree of 
accuracy. 

The use of the spectroscope in the detection and estimation of 
alkaloids in cases of poisoning, possesses certain advantages of the 
highest importance. One is that the material is not destroyed. The 
solution which has been employed tor the spectroscopic examination 
can be used afterwards for the chemical examination. Another is 
that a permanent record is obtained which is always available for 
reference. 

So far my illustrations have been confined almost entirely to 
colourless substances, because it is in connexion with the investigation 
of such substances that most of the recent advances in the subject 
have been made. 

As my last example, f shall take the case of a coloureeUsubstanoe 
in which the method has been applied within the last year with 
marked success. 

It will be remembered that considerable uneasiness was caused 
when it became known some time ago that nitrogen peroxide is 
sometimes employed to bleach flour. In the course of an enquiry 
into the subject, it became necessary to determine the nature of the 
colouring matter naturally present in flour. It was known that 
many of the yellow and orange pigments, so widely distributed 
throughout the vegetable kingdom, are either closely connected or 
identical with carrotene, the orange colouring matter of carrots, 
and it had been suggest^ that the colouring matter of unbleached 
flour might be identical with, or belong to the same class of colouring 
matters as this substance. It was impossible, however, to prove 
this by the usual chemical methods, because the amount of colouring 
matter in flour is so minute that its isolation in a pure sta(e, and 
in sufficient quantity for chemical analysis, was hardly pracificable. 
Carrotene, however, can be prepared in a pure state, and the happy 
idea occurred to Dr. Monier Williams, of the Local Government 
Board, who was conducting the investigation, to photograph its 
absorption spectrum and compare it with that of the colouring matter 
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of flour, which could easily be obtained in the minute quantity 
required for this purpose. Inspection of the photographs shows that 
the spectra are very similar. There cannot, therefore, be any doubt 
that the colouring matter of flour, if not identical with, is closely 
allied to carrotene. 

The underlying causes of the relations between chemical structure 
and absorption spectra have been the subject of much speculation. 
Hartley considers that the phenomena of absorption are intimately 
connected with the vibration of the atoms within the molecule. 
This view has much to recommend it, but obviously its application is 
limited by the present imperfect state of our knowledge of the 
internal mechanism of the molecule. A theory has been advanced 
according to which absorption bands are only exhibited by compounds 
whose molecules are in a state of change or flux. In the case of ben- 
zene, for example, the old idea is revived that the carbon atoms are 
linked together by alternate double and single bonds, which are 
perpetually changing positions. The presence of the bands in the 
spectrum of benzene, is supposed to be m some way connected with 
these changes. Substances, however, are kno\^ n which have banded 
spectra in regard to which such an explanation is inadmissible. 

Quite recently a promising attempt has been made to bring the 
production of banded spectra into relation with the theory of electrons. 

It must be confessed, how’ever, that no satisfactory explanation 
of the phenomena of absorption has yet been formulated, and that 
the theoretical development of the subject lags behind its practical 
application. 

1 ).] 
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Sir Francis Lading, Bart., G.C.V.O. K.C.B. M.D. LL.D., 
Vice-President, in the Chair. 

Thomas Martin Lowry, Esq., D.Sc. F.C.S. 
Applications of Polarized Light. 

On November 30, 1812, just over 100 years ago, the French physicist 
Biot communicated to the Institute of France a memoir “ On a new 
kind of oscillation which the molecules of light experience in travers- 
ing certain Cfy«itals.” In this paper, which extends over 371 pages 
of the printed memoirs, the phenomenon of “ Rotatory Polarization ” 
was described for the first time. This phenomenon, as most of you 
will be aware, depends on the property which certain substances 
possess of taking a beam of polarized light and imparting a twist to 
the plane of polarization : the beam of light enters with all the 
vibrations compressed, say, into a vertical plane ; it emerges 
apparently unchanged, but careful examination shows that the com- 
ponent vibrations are no longer vertical, but inclined either to the 
right or to the left. The importance of this discovery to physicists 
and to crystallographers was immediately obvious. In our own 
generation its fertility has been realized also by chemists, who have 
found in the polariineter an instrument which promises to render 
to the science services not less notable than those which have been 
accomplished with the help of the spectroscope. 

A. — Sources of Polarized Light. 

If one were to ask what progress has been made in the facilities 
for applying polarized light to the study of chemical and physical 
problems, the answer would be two-fold. On the one hand it must 
be acknowledged that the “Iceland spar,” by means of which 
Huyghens in 1678 first detected the polarization of light, is still the 
best substance for producing this effect. But the increasing demand 
for the spar has not been accompanied by any corresponding increase 
in the supply, and large clear pieces of the mineral are becoming 
increasingly difficult to procure. It may indeed be doubted whether 
large polarizing prisms sucli as those which have been handed down 
as heirlooms at the Roval Institution could now be purchased at any 
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price, in view of the “ spar-famine ” which has prevailed for some 
years. 

Considerable advance has, however, been made in the direction 
of improved methods of illumination. The solar light, which figured 
so largely in the experiments of the earlier workers, is too precarious 
to satisfy the ardent worker of to-day, and in any case could render 
no direct assistance in illustrating a Friday Evening Discourse. 

When Faraday on Friday, January 23, 1846, delivered his dis- 
course on “ The Magnetization of Light ” to an audience of ] 003 
persons, the source of light in the experiments which he described 
was an Argand gas-burner. Professor Silvanus Thompson in 1889 
was able to use the electric arc, which was then just beginning to 
come to the front as a commercial illuminant. With this unrivalled 
source of light he was able to show for the first time in a public 
lecture a large number of the properties of polarized light which had 
been reserved hitherto for individual observation in the laboratory. 

The remarkable elBfects which are seen when light of one single 
colour or wave-length is substituted for white light were shown by 
Spottiswoode in 1878, with the help of a powerful sodium-lamp which 
had been devised by Sir James Dewar. His lecture was aptly de- 
scribed as A Nocturne in Black and Yellow.” 

During several years I have taken a special interest in seeking to 
discover other sources of monochromatic light for use in experiments 
on polarization, and have been particularly concerned to proclaim 
the merits of the raercu^ arc as an illuminant for everyday use in 
optical investigations. On account of the predominance of three 
pure colours, the few experiments with the mercury arc, whiTh I hope 
to show you this evening, might perhaps be described as a “ Pastoral 
in Yellow, Green and Vi^et.” 

The Mercury Arc. 

The spectrum of the light produced by passing an electric dis- 
charge through mercury v^our was described by Wheatstone in 
1835 in a report to the British Association “On the Prismatic 
Decomposition of Electric Light ” ; but it was not until twenty-five 
years later that a real mercury-lamp was invented by Professor Way. 
This consisted of an intermittent jet of mercury which was directed 
into a cup half an inch below. The current from a batteiy of 
Bunsen cells was passed through the jet and developed an intense 
light. The spectrum of the light was examined by Dr. J. H. (Glad- 
stone, and described in a paper “ On the Electric Light of Mercery,” 
published in the ‘Philosophical Magazine’ of 1860 (Vol, XX. 
pp. 249-253). 

The first use of the mercury arc as a source of light in polari- 
metry ap^rs to have been made just ten years ago by two German 
workers, Disch and Schbnrock, working independently (Disch, Ann. 
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Phys. 1903 (IV), Vol. XII. 1155 ; Schonrock, Zeit. Vereins Deutsch. 
Zuck. Ind., Tech. Part, 1903, Vol. LIII. C52). Through the personal 
kindness of Mr. Bastian, 1 was enabled about three years later to 
make use of the same source of light in what is still, perhaps, its 
most convenient form. The glass Bastian lamp was designed to 
burn with the coils of the arc in a horizontal plane, and was arranged 
to light automatically in this position. It was with great delight, 
therefore, that I discovered that, in spite of all warnings to the 
contrary, the lamp would continue to burn for any length of time 
with the coils raised into a vertical plane ; in this position one of the 
straight portions of the arc could be focused by a condenser directly 
on to the slit of a spectroscope, and so used to illuminate the field of a 
polarimeter. The lamp consumed very little current, and could be con- 
nected directly to the ordinary lighting circuits without any risk of 
blowing ” the fuses ; it wus cheap to purchase, and as the resistances 
formed part of the holder of the lamp there A\as no need for any 
auxiliary apparatus whatever. In view of its special suitability for 
polarinietric work, it is to me personally a matter of some regret that 
this pionea lamp lias been displaced completely by the more powerful 
arcs, encased in refractory silica glass, which now adorn the exteriors 
of so many places of amusement. I use the word “ exteriors ” 
advisedly. Dr. Gladstone in 1860, in describing the properties of 
the mercury light, “was struck by the strange manner in which it 
modified the apparent colours of surrounding objects, and especially 
with the ghastly purple and green hues which it imparted to the 
faces and hands of the spectiitors.” These green and purple hues 
would not be likely to find favour with a modern audience, and it is 
therefore not surprising that this powerful and economical lamp is 
more valued as a source of light for factories and dockyards than 
for exclusive use in lecture theatres and drawing-rooms. 

When using the mercury- arc as a source of violet light, account 
must be taken of the greatly reduced sensitiveness of the eye to 
light of such short wave-length. It is here that the silica mercury 
lamp has proved of such great utility. I am indebted both to 
Mr. Lacell, of the Silica Syndicate, and to the Brush Electrical 
Engineering Company for allowing me, for experimental purposes, 
to distort their well-considered designs for commercial mercury arc 
lamps. Here, for instance, is a horizontal lamp which has been 
altered so that the arc can be seen at its greatest intensity in an end- 
on position. At finst the light was liable to be obscured by globules 
of condensed mercury. But by recessing the window it w^as kept 
sufficiently hot to prevent condensation, and this difficulty was 
effectively overcome. Even then, however, the arc was not so con- 
venient as one arranged in a vertical plane, like the upturned Bastian 
lamp. It was at this stage that I persuaded the Brush Company to 
modify for me their “ Quartzlite ” lamp by twisting one of tne ter- 
minal U -tubes into such a position that it did not empty itself when 
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the lamp was raised into a vertical plane. The “ end-on ” lamp and 
the vertical Quartzlite lamp have been described in the Transactions 
of the Faraday Society (1912, voL VII. pp. 267-270), and were ex- 
hibited at the Optical Convention of June 1912. The lamp which I 
am using to-night has not been described previously. It combines the 
merits of both of the preceding patterns, 
^ ' and can be used either horizontally or ver- 
tically, and either in a side-on or in an 
end-on position. 

The “ Pinch Effect.” 

One feature of the silica mercury-lamps 
18 sufficiently remarkable to deserve atten- 
tion. When the arc is first struck by tilting 
the lamp it fills the whole of the bore of the 
half-inch tube which encloses it ; but, in 
accordance with Faraday’s observation that 
currents travelling in the same direction 
attract one another, the parallel threads of 
current are drawn ^)gether until finally, as 
you see, the arc is “ pinched ” together into 
a thread occupying only about one-third of 
the diameter of the tube. This pinching 
together of the arc contributes substantially 
to its efficiency as an illuminaiit in polan- 
metric and spectroscopic work, an?I enables 
me to-night to use the arc as a linear source 
' of light without introducing any auxiliary 
slit. The shape of the arc is, however, 
altogether unsuitable for projection, which 
demands, as a condition for successful work, 
a powerful point-source of light. I must 
therefore apologize for the small scale on 
Fig. 1. — Mebcuby Lamp which I have been obliged to project my 
illustrations, and should like to add that 
ON OB End^n Position. imperfect experiments have only 

been rendered possible by using the enor- 
mous Nicol prisms bequeathed to the Royal Institution by Warren 
de la Rue and by William Spottiswoode. 

If the current in the mercury arc is increased, the pinching effect 
may extend to the point of breaking the threads of current completely 
ana so extinguish the arc. 

It may be of interest to some if refer here to the well-known 
fact that the “ pinch effect,” which I have exhibited on a small scale 
in one of these tiny mercury-lamps, is of great importance in the 
electrical melting of steel on a large commercial scale. In that case 
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a current of great magnitude, flowing through a mass of molten steel 
enclosed in a circular channel, sometimes causes the metal to pinch 
together to such an extent that the circuit is actually broken. The 
“ pinching ” apart and running together of the mass of molten metal, 
which may weigh as much as three or four tons, produce a somewhat 
thrilling display. 

The Mercury Spectrum. 

The mercury arc differs from the carbon arc in giving an extremely 
simple line-spectrum, the chief features of which are a yellow, a 
green, and a violet component. The yellow component contains two 
lines, separated by about 20 units of wave-length as compared with 
six units for the yellow sodium doublet ; it shows up well in the 
spectrum, but on account of its duplex character it is not suitable 
for use in exact measurements. 

By means of powerful high-resolution apparatus, such as the 
echelon spectroscope, the green line of the mercury spectrum has 
also been shown to be complex ; but in this case the components are 
so close together that they do not in any way reduce the value of the 
line as a source of monochromatic light. The extreme brilliance of 
this green line, its high spectroscopic purity, and the ease with which 
it can be produced, have given to it an unrivalled position amongst 
the various sources of monochromatic light which are now available 
for polarimetric work. I can say with confidence that no one who 
has worked with the mercury lamp will ever \\i8h to return to the 
sodium flame, which it is rapidly displacing both in scientific and in 
technical laboratories. 

Dr. (iladstone directed special attention to the strength of the 
violet lines in the spectrum, of one of which he said that “ this ray 
is situated far beyond what is ordinarily considered the limit of the 
luminous spectrum.” This deep-violet component contains two lines 
which are clearly visible in the spectroscope ; but they lie so near to 
the limit of visibility that their presence Ciin be shown most clearly 
with the help of a fluorescent screen. The bright violet line is, from 
the scientific point of view, one of the most valuable features of the 
mercury spectrum. The main line is accompanied by two satellites 
of greater refrangibility ; but these are so close to the principal line, 
and are of so much smaller intensity, that they do not diminish 
appreciably the unique value of this line, which still remains the 
most powerful source of monochromatic light for work at the violet 
end of the spectrum. Actual measurements in which the violet line 
has been used both with and without the satellites have shown that 
the errors introduced by the presence of the latter do not exceed one 
part in 10,000 on the readings of a polarimeter. This error would, 
therefore, be quite inappreciable in the case of all readings of less 
than 100". 

The spectrum that I have shown to you does not by any means 
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exhaust the usefulness of the mercury arc. In addition to the lines 
of the visible spectrum, there is a powerful series of ultra-violet lines 
which are freely transmitted by the glass of the silica lamps. These 
are of value for a number of scientific purposes, and have found an 
important technical application in the sterilization of water. 

To touch on a subject that is perhaps less generally familiar, I 
have found that, on the other side of the spectrum, the magnificent 
though invisible line at wave-length 10,140 is of unique value as a 
starting point for calibration work in the infra-red. It will also be 
remembered that some of the longest waves of light that have yet 
been detected were discovered by Rubens in the radiation from a 
mercury lamp. 

Resolutiox of the Meucury Spectrum. 

One merit of the mercury arc as a source of light consists in the 
readiness with which the three main components may be separated. 
A direct vision prism of quite moderate dispersive power, placed in 
front of the eye-piece of a polarimeter, produces a separation of the 
three images which is sufficient for most purposes. The lines may 
also be separated by means of coloured screens prepared from gelatine 
films stained with suitable dyes. The efficiency of these screens may 
be shown by interposing them one by one in the path of the beam 
which forms the images which are now thrown on the screen. The 
lines selected for transmission are weakened in intensity, but the 
others are absorbed so completely that the transmitted liiclit can be 
obtained spectro-scopically pure. 

Occasionally it is desired merely to reduce the glare Cff the green 
line in order to render the violet line more distinctly visible. An 
ideal dye for this puppose, which was suggested to me a year ago by 
Dr. M^s, is xylene red. 

This’ substance fluoresces so beautifully under the light of the arc 
that I cannot resist the temptation to show it to you in the striking 
form which Sir James Dewar has used to exhibit this effect in the 
case of other dyes. 

If I have dwelt at some length on the merits of the mercury arc, 
I may perhaps be excused on the ground that to one’s scientific 
colleagues the description of a novel tool, which they may be able to 
use in their own work, is usually of greater interest and importance 
than any record of the work for which it may already have been used. 

B. — Rotatory Polarization. 

The phenomenon of rotatory polarization was first discovered in 
the case of quartz. Arago in 1811 (Mem. Inst., IHll, pp. ^8-134) 
found that a plate of quartz interposed between a polariter and 
analyser was capable of depolarizing the light in such a way that 
transmission took place where previously there had been complete 
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extinction. When plates of suitable thickness were used the trans- 
mitted light was no longer white, but beautifully tinted, the colour 
of the light varying with the thickness of the plate. Thus with 
increasing thickness ^^e have progressively yellow, orange, rose-red^ 
violet, blue, and green. 

These colours were shown by Biot to be due to a rotation of the 
plane of polarization, which increased (a) with the thickness of the 
plate, (b) with change of colour from red to violet. It is therefore 
impossible when a beam of polarized light has passed through a 
quartz plate to extinguish all the coloui*s simultaneously. 

The tints which Arago observed w'ere due to the selective ex- 
tinction of light of different colours by the mirror which he used as 
an analyser. This selective extinction may be shown by inseiting a 
direct vision spectroscope in front of the apparatus : the plate w'hich 
produces the pale yellow colour has rotated the violet light through 
180“, so that it is extinguished exactly as if no quartz plate were 
present ; the yellow^ tint is the complementary colour to that ex- 
tinguished. As the thickness of the plate increases, tlie same effect 
is produced with light of longer w^ave-length ; as the extinction 
moves from violet to red the complementary colour changes from 
yellow to orange, red, blue, and green. When the bright yellowish- 
green is extinguished a grey “ neutral tint ” is produced wdiich is 
extremely sensitive to small rotations of the plane of polarization, 
and was at one time used very largely in polarimeters illuminated 
with white light. 

When the mercury itfc is used as a source of light, the colours are 
mainly two — green and violet ; but the violet colour, espwially, is so 
beautiful that I cannot refrain from showing you a few of Spottis- 
woode’s experiments as they appear w hen the light of a mercury arc is 
substituted for the white light which he used in illustrating his 
Friday (^’ening discourses. 

W'hen monochromatic light is used — as, for instance, when a green 
screen is placed in front of the mercury arc — the light can be extin- 
guished completely even after it has passed through a very long 
column of quartz. Using green light purified by a spectroscope and 
rods of quartz cut from a crystal of extraordinary beauty, I have 
obtained a perfectly sharp extinction with a column of quartz half a 
metre in length, giving an actual rotation of 12,781) *20“ ± 0-01“. 
I have also been making experiments with the same material to 
determine accurately what rotation is produced by quartz in light 
of different wave-lengths, not only in the visible spectrum, but also 
in the infra-red and ultra-violet regions ; but as the work is still 
incomplete, I will not attempt to describe it, but pass on at} once to 
other ways in which rotatory polarization may be produced. 

Three years after his discovery of rotatory polarization in quartz, 
Biot was astonished to find that the same property was possessed 
by certain liquids, turpentine and laurel-oil rotating the plane of 
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polarization to the left, and oil of lemon and camphor (dissolved in 
alcohol) rotating it to the right. 

In the case of quartz, Biot had attributed the rotation of the 

K ie of polarization to the crystalline structure of the material.* 
correctness of this view was proved when it was shown that 
rotatory polarization no longer took plare when the crystalline 
structure of quartz was destroyed by melting it or by dissolving it 
in alkali. In the case of liquids this explanation was no longer 
possible. Rotatory polarization must here be attributed to some 
lack of symmetry in the structure of the molecule rather than of the 
crystal. It is in such cases that the polari meter has proved its 
supreme value in the investigation of molecular structure. In this 
connexion it will be sufficient if I refer to the classical researches of 
Pasteur, van’t Hofif, and le Bel, and to the brilliant contemporary 
work of Pope, Kipling, Smiles, and Mills in our own country, and of 
Meisenheimer and Werner on the Continent. In each of these 
investigations the development of “ optical activity ” has been accepted 
as a conclusive proof of molecular asymmetry, and no firmer basis 
for theories oi molecular structure has yet been found than that 
which rests upon the use of the polarimeter to detect rotatory 
polarization. 

I should have liked, if time had permitted, to refer to Faraday’s 
discovery of the rotatory polarization induced in inactive substances, 
such as glass and water, by exposing them to the influence of a 
powerful magnetic field. I had also hoped to be able to demonstrate 
this phenomenon in one of the pieces of heavy glass prepared by 
Faraday himself, using for this purpose the large electro-magnet 
employed by the late Sir William Perkin in his investigations. 
But a passing reference to this third method of producing rotatory 
polarization is all that is possible to-night. 

C. — M UTAIIOTA TION. 

In 1846, thirty years after Biot had discovered that rotatory 
polarization might occur in liquids as well as in crystals, a remai’k- 
able discovery was made by the French chemist Dubrunfaut in 
reference to the rotatory power of aqueous solutions of grape-sugar 
or glucose. Dubrunfaut found that by using freshly-prepared 
solutions of the sugar he could observe a transient rotatory power 
which was twice as great as that observed in solutions which had 
been prepared a few hours previously. To this remarkable 
phenomenon he gave the name Birotation. 

The same phenomenon, which is now generally knowm as Mata 
rotation, has since been observed in the case of nearly all the 

In associating rotatory polarization with double refraction, he was wrong, 
as crystals of sodium chlorate, which show no double refraction, are still capable 
of rotating the plane of polarized light. 
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“ reducing suprs. Many explanations were given to account for so 
mysterious a change, but nothing in the way of proof could, as a 
rule, be oJfered in support of these suggestions. In 1890, however, 
Emil Fischer discovered that similar changes of rotatory power 
occurred when gluconic lactone was dissolved in water and thus 
partially hydrolysed to gluconic acid — 

^b^io^b ^ ^8^12^7 

Gluconic lactone Gluconic acid. 

He therefore suggested that a similar explanation might be given of 
the mutarotation of glucose, thus— 

c,h,a + h,o 

Glucose Glucose hydrate. 


Mutarotation of Nitbocamphor. 

In 1896 a happy accident led me to the discovery that very 
marked changes of rotatory power occur in freshly-prepared solutions 
of nitrocamphor. But, unlike the case of glucose, these changes 
could be observed in a large range of solvents. The change varied 
greatly in the numerical values involved, but was always in the same 
direction — from left towards right. 

The cause of the mutarotation was not difficult to discover. It 
could not be due to hydration, nor indeed to any %ect chemical 
action of the solvent, but must be attributed to some change of 
structure in the molecule of the nitrocamphor itself. In view of the 
fact that the nitro compound is able to simulate the properties of an 
acid, giving rise to strongly dextrorotatory salts, there could be little 
doubt that the change of rotatory power was caused by a partial 
conversion of the nitrocamphor into its acidic form — a conversion 
which can be rendered complete by the addition of alkali. This view 
was inamediately confirmed by the discovery of a dextrorotatory 
anhydride, which could be prepared from nitrocamphor merely by 
evaporating its solutions on a water-bath. 

This interconversion of isomeric compounds, which we have called 
Dynamic Isomerism, could also be used to explain the mutarotation 
of glucose, of which two isomeric forms are known ; but there is good 
reason to believe that the hydrolysis suggested by Fischer is also an 
important factor when aqueous solutions of the sugar %re under 
consideration. 

In the case“ of bromonitrocamphor two isomeric forms of the 
substance can actually be isolated, thus affording direct evidence that 
the mutarotation observed in the case of this compound is due to a 
reversible isomeric change. 
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Form of tile Corves. 

In most cases the change of rotat()ry power proceeds according to 
a very simple law, the rate of change being directly proportional to 
the distance still remaining to be traversed. 

But I have recently found d number of cases in which the curves 
are far more complex. In such instances it is necessary to assume a 
series of successive isomeric chang(j.s ; but this assumption presents 
no difficulty, as the substances in (luestion can ail Ije formulated in 
at least live different ways. 

Acceleration by Catalysts. 

The rnutarotation of glucose is accelerated to a moderate extent 
by acids and very largely indeed by alkalis. Similar observations 
have been made in the case of nitrocamphor. Piperidine added to a 
solution of nitrocamphor in benzene produces a remarkable accelera- 
tion which can be detected even at a coiu'entration of N/10,000,0()(), 
i,e. 1 part in 100 million or 1 centigram per ton. Aniline is 100,000 
times less active. 

Arrest of Isomeric Change. 

Tl]e fortunate selection of chloroform as one of a series of solvents 
led to the discov^ery of one of the most important facts that has come 
to light in the course of fifteen years' wx>rk on rnutarotation. In the 
very earliest stages of the work it was found that solutions in 
chloroform behaved in a very irregular and surprising way ; the 
rnutarotation in this soiveiit seemed sometimes to ‘‘ hang fire until 
set going by some accidenUil stimulus. These observations were 
evidently important as proving that i'^omeric change was not spon- 
taneous, even after the nitrocamphor had been dissolved. P»ut for 
ten years no explanation was forthcoming to show wh\ this 
phenomenon was observed in chloroform, and in chloroform only. 
About five years ago, however, an arrest of isomeric change was 
again observed in the case of chloroform solutions to which a trace 
of acid had been added. These solutions (the rotatory power of one 
of which “ held up ” absolutely during twenty-four days) acquired a 
pungent and horrible odour, and had evidently undergone marked 
decomposition. It was not long before the odour was recognized as 
being due to carbonyl chloride — a well-knowTi and (in anesthetic 
chloroform) a dangerous impurity, formed by oxidation of the chloro- 
form according to the equation CHCI3 + 0 = COCl.^ + HCl. This 
substance has the property of attacking ammonia and organic bases 
such as piperidine and converting them into neutral ureas, as shown 
by the equations ; 

COCI2 + 2NH3 = C 0 (NH 2 ) + 2 H 01 
COCI2 + = CO(NC5Hio)2 + 2 HC 1 . 
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The next step was obviously to try to arrest the isomeric change 
by tne addition of carl)oiiyl chloride to a solvent which did not 
naturally contain it. This was done with marked success, A 
solution of nitrocamphor in purified ether showed a change of 
rotatory power extending over about a day ; by the addition of 
carbonyl chloride the period was increased to eighteen days in a glass 
vessel, and to sixty-one days when a silica vessel (free from alkali) 
was used to contain the solution. In the case of benzene, to which 
acetyl chloride was added, the period was increased from sixteen days 
to sixty-four days in glass, and to two years in a silica vessel. Finally, 
by the addition of carbonyl chloride to a solution of nitrocamphor in 
benzene contained in a silica vessel the period was increased from 
sixteen days to six years. 


Action of Light. 

A convenient method of studying the effect of light on isomeric 
change has recently been devised in which the polar 1 meter plays a 
leading part. The solution to be studied was enclosed in a silica tube, 
surrounaed by a sihca water-jacket, and exposed to the light from a 
silica mercury lamp. In seven cases out of nine, however, no accelera- 
tion whatever could l)e detected as a result of this extremely powerful 
“ insolation.” 

I have attempted to give some account of a few instances in 
which polarized light has been applied to the solution of chemical 
and physical problems. In each case tlie observationsHiave taken the 
form of measurements of rotatory polarization. Measurements such 
as these have supplied to the chemist a key which has enabled him to 
unlock the strong-room in which many of the secrets of molecular 
structure were stored. The physicist, too, following in the footsteps 
of Faraday, has found in rotatory polarization a link between the 
sciences of magnetism and optics, and has obtained valuable hints 
as to the way in which light is propagated through matter. The 
hundred years which have elapsed since Biot announced his great 
discovery have therefore served only to enhance its brilliance, and to 
reveal it as one of the most illuminating disclosures even of the 
splendid period in which it was made. 


[T, M. L.] 



Friday, January 28, 11)14. 

Sir James CRTriiTON-BRowNE, J.P. M.J). LL.T). D.Sc. F.K.S., 
TreasuHT and Vice-President, in the Chair. 

Professor Sir James Dewar, LL.D. D.Sc. F.R.S. MM.I., 
Fullerijin Professor of Chemistry, R.I. 

The Coming of Age of the “Vacuum Flask.” 

Twenty-one years ago the application of \acuuni jacketed vessels to 
the storage and manipulation of liquefied gases or for conserving hot 
liquids was made in the Laboratory of the Royal Institution. Such 
vessels are now popularly <*all(^d “Thermos Flasks.” The insulating 
properties of a vacuum in preventing the influx of heat by the elimina- 
tion of convection currents had been known to physicists ever since 
the investigations of Dulong and Petit on the laws of radiation, in the 
early part of the lust century, proved the important part played by 
the gjus particles surrounding a body in dismpatiug he.it, otherwise 
than by pure radiation . As far back as 187 8 a highly exhausted annular 
metallic vessel was used by the lecturer in calorimetric experiments 
described in my paper on “ The Physical Constants of Hydrogeniura.” * 
This naturally suggested that the use of high vacua in tlie annular space 
surrounding vessels containing liquid gases would 1)0 advantageous. 
The experiments which led up to the use of gla^s vessels isolated by 
a vacuum space arc fully described in the Friday Evening Discourse 
on January 20, 1898. t Some of the early forms of vessels then 
described are shown in Fig. 1. 

One of the primary difliculties was connected with the construc- 
tion in glass of concentric spherical or c} lindrical vessels that would 
withstand the atmosjdicric pressure, and bear considerable oscillations 
of tempt‘rature witliout cracking. This was a serious impediment 
which was only gradually overcome by the growing demand and by 
improvements in the blowing and ade(|uatc annealing of the glass : 
some of the various developments of form rising out of the needs 
of low’ temperatun' research are figured in the abstract of the 
Discourse of January 18, 1901, wdiich is now reproduced. 

A sufficient vacuum <’an be obtained with the ordinary Sprengel 
pump. Glass flasks so exhausted were quite satisfactory for heat 


* Trans. Roy. Soo. Ed. xxvii. p. 107. 
t Proc. Roy. Inst , xiv. p. 1. 
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insulation purposes, tlie convective transference of heat beiiif? stopped. 
If, however, the inner vessels l^ere coated with a bright metallic de^sit 
then the radiation influx is veiy greatly diminished This is readily 
shown by making a half-silverea vessel The radiation from the 
silvered and the clear sides respectively is compared by presenting 
each in turn to a thermopile connected to a galvanometer, whose 
indications are shown by a moving spot of light on the scieen. Two 



Fig 1 


The upper \lssc18 in this figure are for dr\ an iflolation whereby the 
deposition of moisture at the low tomperatiiro was proveiitpd In 
each of the^^e old forms it will be noted that a mass of phosphoric 
anhydride placed 111 the lower portion is re^j[Uircd to absorb traces 
of water The \acuum vessels described equally retard the loss as 
well as the gam of heat (as shown in Pig 3 ) 

such vessels an filled with liquid air and hot water rcip^'ctively ; 
scarcely any moMiuciit of the spot of light is seen win n the silver side 
18 turned to the yule, Vmt on rotating to tlie unsihercd side a strong 
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deflection is observed, in one direction with the liquid air vessel and 
to the opposite side when the vessel of hot water is substituted. 

Another aid to the heat insulation of vacuum vessels is the intro- 
duction of finely divided powders to the exhausted space : the results 
of the use of some of these are given in my discourse on “ Liquid Air 
as an Analytic Agent.”* 
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Another method of producing the re(|uisite high vacua is by 
means of a mercurial vacuum made by distilling mercury through 
the annular space while exhausting by a good pump.* ()n placing 
a liquid gas in such a flask the mercury vapour left in the annular 
space is condensed as a bright mirror on the cool inner wall ; 
and if used solely for low temperature work, this is entirely 
satisfactory, the need for silvering the inner surfaces is then partly 
obviated. 

This action is illustrated in an exhausted globe containing a little 
mercury. There is a shallow depression in tlie globe into which a 
little liquid air is poured (see 11, Fig. 2) ; almost at on(‘e a mirror of 
mercury is de}X)sited inside on the cooled i)art and the increased isola- 
tion results in a diminution of the rate of evaporation. A difficulty 
arises, however, if the vacuous space is not of reasonable cross-section, 
because the vapour of mercury is not only dense, but has a higli 
viscosity, and therefore cannot get freely to the cooled surface, which 
results in the production of a poor mirror of limited extent. Thus, 
if another globe is taken having the mercury in a small bulb separated 
from the main globe by an inch of capillary tubing, f then on cooling a 
small area witli a sponge of liquid air, the vapour saturating the globe 
is deposited as a localised mirror. If, however, a second area be then 
similarly cooled no deposit is obtained, because practically no mercury 
vapour can get in through the capillary ; this is pro\ed by decanting 
a little mercury out of the small bulb into the globe, when instantly 
a mirror is deposited on the cooled area. 

The practical effect of this property is shown by the relative 
isolations of two cylindrical vacuum vessels in the samcTcondition as 
to exhaust and both containing a little mercury in llie liottoui. The 
annular vacuum space in one is about 1 c.m. ^vide, while the width 
of the other is only about 2 mm. Liquid air is poured into both 
and the relative rates of evaporation ni(‘asure(l by connecting 
successively to each, an indiarubber tube deli\ering into a gas jar 
filled and invert<‘d over water. A metronome indicates the time 
taken to fill the jar witli the evaporating air in eacli case ; the result 
shows that the vessel with the narrow annular exhaust space is w^orse 
than the one with the widiT space, and on examination tliis is 
explained by the smaller extension of the mercury mirror in the 
narrow-sjiaced vessel. 

A pure water vapour discharge tube provided with two j)latimim 
wire electrodes illustrates the condensing action of liquid air in the 
production of a high vacuum in vacuum vessels for any vapours 
therein contained. The tube shown was about b c.m. d|am. and 
3b c.m. long. ' This tulie is saturated with water vapour at tlie 
temperature of melting ice. On connecting the electrodes to a 


* Proc. Roy. Inst., xiv. p. 395. 
t See Fig. 3, Proc. Roy. Inst., Jan. 12, 1894. 
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sparking coil the lilac-glow of hydrogen fills the tube. When a 
sponge of liquid air is applied in less than a minute the water vapour 
is condensed ; the glow disappears ; the tube passes through the 
phosphorescent stage, and finally becomes too highly vacuous for a 
discharge to pass. Onremoving the sponge the phenomena are reversed. 

As concrete examples of the extent of the heat isolation, it can be 
stated that liquid air in 5-litre vacuum fiask loses 12*5 grms per 
hour, or 8 per cent per day. If contents weigh 3050 grins., trace is 
left on the twelfth day. Heat exchange per minute per sq. c.ni. — 
O’ 007 calories. 

Taking radiation huv of heat exchange and silver emissivity, heat 



exchange by theory j)er min. per sq. c.m. 0*015 caloras, the 
observed experimental value being O'Ol. 

1*5 litre silvered vacuum vessel lost 9*5 grins, per hour, or 15 per 
cent on first day. Trace left on sixth day. 

Fig. 3 gives the curve for decrement of temperature from the 
boiling-point of water in a silvered vacuum vessel, showing the same 
low i*ate of loss of heat as compared ith gain of heat in the former 
example. 

Some tw’elve years later a further advance w^as made by the 
application of the well-known absorptive power of charcoal. The 
poasibility of the occlusion of gases in porous bodies has been a 
subject of scientific inquir} for more than two hundred years, and 
has been investigated oy a long line of famous chemists. The 
Discourse on “New' JjOw Temperature Phenomena,” in the year 
1905, was devoted to a consideration of the thermal evolution and 
absorption of gases by charcoal at low temperatures. A year later 
the application of this* knowledge was made to the production of very 
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high vacua, by placing a small quantity of charcoal in a globular recess 
in the vacuous space of the flask. When such a vessel was filled with 
liquid air, the charcoal was also cooled and thus absorbed remaining 
traces of air, producing thereby a vessel with very high heat insulating 
qualities. 

The employment of charcoal made it possible to use metals such 
as brass, copper, or nickel, instead of glass, for the construction of 
vacuum vessels, with obvious advantages. Metals cive off small 
quantities of gas for a long time, \\hich diminish the vacuum in 
such flasks, if ic were not maintained by some charcoal, cooled to the 
low temperature of liquid air, or other liquefied gas, placed in the 
vessel. Many forms of such vessels have found a ready application to 
low temperature work, not only for storage and transport, l)ut in cases 
where rough usage was unavoidable, or where the fractures to which 



Fig. 4 


glass is liable might be dangerous ; also when high pressures are to 
be employed along with low temperatures metallic construction is 
necessary, and only by the addition of charcoal condensation can the 
necessary heiit insulation be secured. 

The most recent achievement in the attainment of a high 
exhaust is Dr. Gaede’s invention of the Molecular pump, which is 
capable of producing a vacuum of •000001 mm. of mercury. 

The working principle of this pump is shown in Fig. 4. A is a 
revolving cylinder fixed on a shaft a enclosed in an outer casing B. 
In the inner side^of B a groove n to m is cut, communicalfing at 
either end through the casing with a mercury gauge M. Whien the 
cylinder rotates from left to right, or clockwise, the friction set up 
amongst the molecules of the gas or air contained in the groove 
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causes it to be driven from n to and the inercuiy in the gauge 
rises to p in the left limb, owing to the diminished pressure, and is 
depressed to o in the right limb. The difference in ])ressiire is pro- 
portional to the number of revolutions of the cylinder and the 
internal friction of the gas. In practice the grooves are cut in the 
cylinder, and the tongues, which project into the grooves, are fixed on 
the casing. The speed of rotation of the central shaft carrying the 
cylinder is about 8000 revolutions per minute. 

The efficiency of this pump is seen when it is used direct on a 
large discharge tube 2 m. long and 6 c.ni. in diameter, provided with 
electrodes in the manner of a l)e la Rue tube. In about a minute 
from starting at atmospheric pressure all stages of discharge at low 
pressures arc travei-hcd, and finally only a flickering phosphorescence 
is seen. A further test on Ihpiid oxygen shows the manner in which 
a rapid evolution of gas is overcome. The melting pressure of oxygen 
is too low to be realised by usual exhaust methods, as was shown 
in the Discourse of January 20, Iflll, when the solidification of 
oxygen was shown to be possible only by the exhaust produced by 
charcoal and li(juid air. Formerly it was nec‘essary to employ cooling 
by liquid hydf^«gjii to obtain oxygen in the solid state. If, however, 
the fitting on the exhaust nozzle of the Oaode pump ])c directly 
connected to a vacuum vessel containing some 10 c.c. of licpiid 
oxygen (isolated as usual by being surrounded with an outer vessel of 
Inpiid air), three minutes* working of the pump results in the oxygen 
being transformed into solid state. 


Low Temperatx’ue (\vL()RTMKTUY. 

The application of vacuum tube methods has resulted in bringing 
the law of Dnlong and Petit into relation with the other laws 
governing the behaviour of the atoms. Working at ordinary 
laboratory temperatures Duloiig and Petit had shown that the 
atomic lieats for the various elements (got by multiplying the specific 
heat and atomic weight) ^^as a constant of an approximate value six. 
For working at 50" Absolute (-22;^” (\), a licpiid hydrogen calori- 
meter has been constructed in which the specific heat of the various 
elements Ciin be easily determined in terms of the volume of gas 
produced in cooling the substonces. Under such conditions very 
different results from those previously obtiiined liavc been deduced. 
The atomic heats exhibit the Simie rough periodicity of function 
with atomic weights as is shown by otlicr properties of the elements, 
A double curve demonstrates the complete parallelism between the 
atomic volumes and the atomic heats of the principal elements 
(see Fig. 7). In connection with speculations as to the constitution 
of the atoms, ])hysicists had been putting different interpretations 
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on the structure of the atom, discussinf^ voitices of electrons, 
central positive charges, and so forth. It was remarkable, in view of 
these experiments, that some of them had predicted that the atomic 
heats must be chiefly determined by the atomic volumes and the 
elastic constants. 


Atomic Specific Heats hetiveen the Boihng Points of Liquid 
Nitrogen and Hydrogen, 

The Mean Atomic Specifii Heats at 50" Absolute of the 
Elements, a Periodic Function of the Atomic Weights, 


A method of determining the specific heat of substances at low 
temperatures was described in a paper on “ Studies with the Liquid 
Hydrogen and Air Calorimeter,”* also in the abstract of a Friday 
Evening Discourse in 1901 on “Liquid Hydrogen Calorimetry,” f 
where the apparatus then used is illustrated. 

Continuing the use of the same method, but with some modifica- 
tion of the apparatus, the investigation has been extended to a large 
number of inorganic and organic bodies. In this later series of 
experiments, the measurements of the specific heats of materials by 
the liquid hydiogen calorimeter were made over a range of tempera- 
ture from boiling nitrogen to boiling hydrogen, a fall of temperature 
of some 57^ Absolute. 

Weighed pieces of the material are cooled to tlie temperature of 
boiling nitrogen in a quartz cooling vessel of special design. By a 
simple mechanical device they are then released from thi^'vessel, and 
drop into liquid hydrogen in the calorimeter below. The resulting 
volumes of hydrogen evaporated are measured. From this value and 
a knowledge of the latent heat of the liquid hydrogen and the mass 
of the substance, the specific heat can be calculated as follows : — 

If V is volume of hydrogen at N.T.P. evaporated by the fall of 
1 grm. of the sub.stance through T degrees above the temperature of 
boiling hydrogen, and s its specific heat, L being the volume of 
hydrogen evaporated by 1 calorie, then 


sT = 


V 

L’ 


i.e. 


s - 


V 

Ti; 


The latent heat of liquid hydrogen is taken as 115 calories, and 
therefore L ^ 97*05 cc. ; also in these experiments T is constant 
(57" • 5) therefore 

A = V X 0*0001792. 


• Roy. Soc. Proc., A, Ixxvi. p. 325. 
t Boy. Inst. Proc., xvii. p. 581. 
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Thus the hydrogen volumes measured are reduced to V at N.T.P. 
and simply multiplied by the constant factor 0*0001792, thereby 
giving the s]>ecific heat. 

In an earlier Paper* the value of the latent heat of hydrogen 
was taken as 122*92. Five observations were given varying ±5 
about this mean value. This was determined on the basis of 0*0291 
being accepted as the mean specific heat of lead from 15° 0. to 
20° Abs. Several Willard Gibbs vapour pressure fornuilaj, however, 
calculated from the vapour tensions of li([uid hydrogen, give a mean 
value of 115 for the latent heat of hydrogen, so that the specific heat 
of lead over this range would seem to he 0*0272. 

In connection with the computation of the latent heat of lique- 
faction of hydrogen it is essential to know the value of the specific 
volumes of saturated hydrogen between 15° and 20' Abs. This was 
determined in the following simple manner : a carefully calibrated 
bulb A was charged with hydrogen to saturation at liquid hydrogen 
temperatures, and the volume of the hydrogen so required determined 
by pumping out the bulb. The figure (Fig. 5) sho\^8 the bulb A 
immersed in liquid hydrogen in vacuum vessel B, which is further 
isolated in the usual way in an external vacuum vessel i) of exhausted 
liquid air. The hydrogen evaporating from the liquid was used to 
saturate the space to the same pressure as existed in B, the tube 
dipping into the bubbling bottle of hydrogen 1) was lengthened to 
more than barometer height when the liquid hydrogen pressure was 
reduced below atmospheric to obtain temperatures below the boiling 

? )int ; for this purpose the exhaust was connected by a stopcock on E. 

he various connecting stopcocks and collecting and measuring 
apparatus shown indicate the necessary manipulations. 

The values obtained at the boiling point and near the melting 
point respectively are shown in the following Table : — 


Specific Volume op Saturated II\drociEn. 


Temperature 

PresBUie 

1 

Vol. of 1 mt Weight 
(Specific \ olume) 

1 

Ratio to Density of H at the 
same Pressuie and 0® C 

20*4 ' Abs. 

760 mm. 

747 4 

14 94 

15 3'^ „ 

115 „ 

3914 

18-84 


How'ever, the relative weights of liquid and saturated vapour thus 
determined, only involve a correction of about 1% in the calculated 
latent heat, which is within the experimental variations. 

Taking the \alue of 115 for the latent heat of hydrogen, the 
resulting value of the specific heat of lead fiom 80° Abs. to 20° Abs. 
is now 0*02399. This is the mean value of a series of nearly 


Roy. Soc. Proo , A , Ixxvi., p. 325. 
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30 observations. The greatest variations from this mean value were 
0*0247 and 0*0233, but the majority of the values varied to a much 
less extent. This is equivalent to an atomic* specific heat of 4*065. 
It may be mentioned that a computation from Nernst and Linde - 
mann’s* real specific heats of lead within the same range of tempera- 
ture gives the mean value 5 IS. 

In the observations with the liquid air calorimeter the specific 
heats were calculated in each case l)y direct comparison with lead 
observed at the same time, as explained in the earlier papers. This 
is most convenient because liquid air varies in composition on 
standing, and therefore in the volume evaporated by unit amount 
of heat. 


Liquid Uydhogen Calorimeter. 

The liquid hydrogen calorimeter is a glass cylindrical bulb vacuum 
vessel X (Fig. 6) of 50 c.c. aipacity, silvered, with ^ cm. slit. The 
inner diameter is 3 cm. On to the neck, contracted to about 
1*7 cm., is sealed a glass tube B of equal diameter and 30 cm. 
long. This projects about 8 cm. through the brass coned fitting 
cap F of an ordinary slit silvered vacuum vessel in which it is sup- 
ported. A side delivery tube, I cm. wide, provided with a stopcock 
I) of 8 mm. bore, is sealed near the toj) of B. A short length of 
rubl)er tubing on the neck of F makes a gas-tight joint w’itli B. To 
minimise splashing, and to reduce the impact of the fallinsr pieces, 
a thin strip of german silver or lead E, bent out near the top into 
a shoulder about 1 cm. square, stands centrally in the calorimeter A. 
The strip is cut from a thin tube of about the same diameter as the 
calorimeter neck. A short length of the tube is left above the 
shoulder, and supports the strip by fitting loos(*ly into the neck 
of A. The shoulder is arranged just above the level of the liquid 
hydrogen in A, which is at least three-quarters full. Some such 
device is essential in the use of this form of the liquid hydrogen 
calorimeter. 

The calorimeter in its turn is immersed in liquid hydrogen in the 
supporting vacuum vessel C, the neck of the calorimeter being 8 to 
10 cm. below the liquid hydrogen surface. This vacuum vessel C is 
only slightly wider than the lower part of A, and is provided with a 
coned cap F, whereby it is also supported and completely immersed 
in a wider vacuum vessel G containing exhausted liquid air. G is 
also fitted with a brass coned cover, fitting vacuum-tight to the cap 
F on V. Both cap are pierced by two thin tubes, one for fitting on 
to the filling sypnons, the other, bent at right angles, serves for 
connecting to the exhaust in the case of the liquid air vessel, and in 
the case of the liquid hydrogen vessel to the stopcock leading the 
evaporating hydrogen througn the upper part of the apparatus. 


Sitzungsber. d. Berl. Akad., 1911, p. 494. 
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This arrangement thus charged only needs a little liquid air 
sucked in every one and a-half hours. The liquid hydrogen vessel 
will not need replenishing for at least four hours. The level of the 
liquid hydrogen in the calorimeter does not fall 1 cm. in six hours 
with constant use. The bulk of the materials added roughly com- 
pensates for the volume of the liquid hydrogen evaporated. It is 
important that this level should not materially change, since, after 
striking the shouldei*, bodies move more slowly, are deflected on to 
the cold wall, and low results are obtained due to the longer cooling 
of the materials in the vapour before being immersed in the liquid 
hydrogen. 

The isolation of the calorimeter was such that less than 10 c.c. 
of hydrogen gas evaponited from it per minute. The whole vacuum 
vessel combination is supported between cork-lined spring jaus mounted 
on a heavy metiil base, on which the outer vacuum vessel rests. 

The cooling v(*ssel H is connected by india-rubber tube to the 
top of the 1 ‘alorimoter. It consists of an ordinary cylindrical slit 
silvered vacuum vessel, :3() cm. long and 7 cm. \^ide, Avith a central 
axial open tube K sealed in below. This tube passes through the 
liquid in the v<icuuiii vessel. It has the same diameter below as the 
neck tube of the calorinicter. Near the top of the central tube a 
side tube J, of about the same diameter, and some 3 cm. long, vserves 
for the introduction of the weighed pieces of material, which are all 
cooled j)reviously to the temperature of liquid air, and then fall on 
to a thin metal pan P fitting loosely the tulie K, where they remain 
about fifteen minutes. P is supported by being hinged to tw’o thin 
ebonite rods, L and M, fixed t(> a brass fitting cemented on to the 
top. The rod L is not fixed directly to the disc but to a metal ring 
R From tlio ring R two thin vertical steel wires are connected 
freely to two points on the circumference of the i^an below'. This rod 
and the attached ring can be given a vertical motion by a crank N 
in the top fitting, thereby tip])ing the pan and releasing the pii^ce of 
material, which then falls freely down into the calorimeter. The 
level of the pan is approximately one-third the vertical height of the 
cooling vessel. Quartz w'as found to be safer than glass for the 
construction of this vessel. A high vacuum was maintained by filling 
with charcoal a cross-tube S, opening to the annular space. 

At the temperatui'e of ])oiling nitrogen, the convection currents 
in the central tube of such a vessel, wdien connected to the calori- 
meter below, have no serious effect on the temperature in the tube 
at a reasonable distance from the bottom, provided the central tube 
be not Avide. The difference of temperature in the tube and in the 
surrounding liquid was found to be only 0*5“ when the tube was 
1*5 cm. wide. With a larger pattern vessel the width of the central 
tube Avas increased to 2*2 cm., and even heie the difference was 
under 3" at the level of the pan. These temperatures Avere measured 
by a small helium thermometer, consisting of a 4 c.c. bulb to which 
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was sealed a small mercury manometer of fine capillary tubing. The 
thermometer was filled with pure helium to 273 mm. pressure at 
0“ C. The reading of the mercury manometer thus gives, with 
slight corrections previously determined, the absolute temperature. 
It is scarcely necessary to add that, by exhausting the liquid 
nitrogen, a lower initial temperature than 78° Abs. can be secured. 

The hydrogen evaporating from the liquid in the vacuum 
vessel C, in which the calorimeter is immersed, is employed in the 
interval of observations to maintain a hydrogen atmosphere through 
the neck of the calonmeter and the connected measuring tubes. 
Risk of solid air in the calorimeter neck is thus obviated. A simple 
ari-angement of a three-way cock T, connected at the top of the 
brass fitting on the central tube of the cooling vessel, allows this to 
be manipulated. The hydrogen thus passes continually in at the 
tubular top of the fitting on the central tube of the cooling vessel, 
and out through the stopcock on the calorimeter neck, and through 
the cocks to the measuring vessels. When an observation is to be 
made, the three-way cock is turned to allow the hydrogen current 
to escape to the laboratory, thereby closing off the calorimeter, 
which now only connects to the collecting and measuring vessels 
V and W. 

V consists of a glass tube 8 cm. in diameter and 4() cm. long, 
open at the bottom and provided with a wide T-piece at the top 
Ime tube is immersed to the neck in water in a glass cylinder, and is 
counterpoised by a weight and cord running over a pulley just 
above. It is thereby readily raised during the time gas is being 
evaporated from the calorimeter ; this ensures that no back pressure 
is produced. One arm of the T-piece is open and comfebts to the 
stopcock D on the calorimeter neck ; the other is provided with 
another small stopcock* and connects to a 200 c.c. gas burette W 
similarly immersed in water. This latter stopcock is closed during 
the collecting of the gas from a dropped piece of material. This 
being completed, the calorimeter stopcock is closed while the evapo- 
rated hydrogen gas is measured by transference to the burette, the 
slight continual evaporation from the calorimeter meanwhile finding 
a vent through the three-way cock T at the top of the cooling vessel, 
which is now turned on. These arrangements are necessary to 
secure the minimum impediment to the evaporating hydrogen, which 
is usually evolved in less than 10 seconds, any temporary back 
pressure being fatal to concordant results. At least 15 seconds are 
allowed for collecting the gas given off, and even longer, in some 
cases, with badly conducting bodies. 

A slightly different form of calorimeter vacuum vessel wtn used 
on some occasions,- but without modifying the results. Instead of 
the constriction at the top of A, a ground conical neck was uied of 
the same diameter as the inner tube. This neck was fitted with 
a similar ground conical hollow tube sealed on to the tube B. 
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Anhydrous glycerin was used to make the gi’ound joint tight at the 
low temperatures. The wider neck in some ways simplifies the 
preliminary manipulations, and allows a more efficient aiTangement 
to be securely fixed for preventing splashing, and breaking the fall 
of the bodies dropped into the calorimeter. Tbe arrangement is 
shown in the side sketch B (Fig. (J). It consists of a liirht counter- 
poised trap door hinged at the louver end of a (‘onical brass or german 
silver tube, supported in and fitting to the inner tube of the calori- 
meter. A small lead ball on a wire soldered to the trap door keeps 
this closed until struck by a falling sphere, wdiile shutting it again 
immediately after the sphere passes through. The conical tube above 
the trap dooi* is piei'ced with several small holes to leave a free passage 
for the evaporating hydrogen. The addition of a gauze filter to inter- 
cept spray was found to be impracticjible, the resistance introduced 
causing ba(‘k pressure. In later work the calorimeters were con- 
structed of quartz, a little charcoal in the bottom of the annular 
space serving to maintain a very high vacuum isolation. 

As far as possible the materials used w’ere cast in the forms of 
spheres about 8 mm. diameter, and for this purpose the use of an 
ordinary buhet liioulJ was found convenient. In the case of liquid 
bodies, the mould was first cooled by liquid air. Frequently liquids 
were frozen into solid cylinders in thin glass tubing, and pieces cut 
off after removing the glass mould. The metallic materials w’ere in 
some cases fused into buttons of convenient Aveight in an exhausted 
quartz, tube. The lead, howeA^r, of which many pieces were re- 
quired, were cut from rod, and subsequently squeezed in a small 
spherical mould. 

Volatile bodies were weighed at a low temperature on a light 
german silver pan supported by a thin })latinum wire suspension 
from the balance pan about 2 cm. above the level of Ihjuid air 
contained in a wide deep vacuum vessel. Some materials would not 
make coherent bullets or cast sticks. These were filled into very 
thin walled cylindrical nicbil capsides of equal weight, so that a 
preliminary determination of the volume of hydrogen evaporated by 
the metid of the ca[)sule gave the correction. They Avere then cooled 
on an aluminium dish floating on lupiid air, filled Avith the fluid, and 
weighed separately, Materials Avhich could not be fused Avere com- 
pressed hydraulically into small blocks and cut up into pieces of 
suitable dimensions. 

At least three pieces of every substance Avere dropped. The 
results rarely varied among themselves by more than 2 to 3 per cent. 
Very frequently the agreement Avas Avithin 1 per cent. In order to 
ensure good results, uniformity of shape and size in the pieces of 
material used is desirable, so that the manner of release and fall 
shall be comparable : because in the use of this instrument the 
materials had to pass through a region of the neck, between the 
cooling vessel and the calorimeter, where a considerable gradient of 
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temperature exists. It was necessary that, as far aa possible, the 
bodies used should be subjected to this variable region in the same 
manner, so that the amount of heat absorbed in transit should be 
nearly the siime. This value was determined in the following 
manner. The warm portion of the calorimeter neck between the 
cooling vessel above and the vacuum vessels below was cooled by 
being surrounded with liquid air placed in a simple temporary fitting. 
Observations with various kinds of bodies were then made. The 
comparison of the reduced volumes now obtained with the values 
given by the ordinary use of this particular form of the instrument 
gives the correction factor. Many confirmations of the specific heats 
were made with this addition to the instrument. In the latest form 
of the calorimeter the neck is always surrounded with liquid nitrogen, 
thus abolishing all heat correction. This improved calorimeter gives 
results diflfering but slightly from the corrected values of the old 
instrument. The value of the atomic heat of lead is determined 
before and after any series of experiments as a check on the con- 
stancy of the instrument. 

The values of the specific heats given will include any heat of 
transformation of glassy or crystalline modifications or other com- 
parable change produced by the cooling to 20® Abs. Another eflfect 
is produced by some materials when used in the form of hydraulically 
compressed blocks. Such as are porous exhibit in varying degrees 
the phenomenon^ of heat evolution due to liquid hydrogen passing 
into the capillary spaces, thereby rendering the observed specific heat 
too great unless the proper correction is made. Any air occluded 
during the preliminary cooling of the porous material to liquid air 
temperature before being introduced to the hydrogen calorimeter is 
also included. Some of this air would be replaced by hydrogen 
through diffusion while in the hydrogen atmosphere in" the central 
tube of the cooling vessel of boiling nitrogen ; but the true remedy 
is the preliminary cooling of such porous bodies in a hydrogen 
atmosphere at the teinjierature of liquid air. That heat evolution 
continued in many cases for some time after the dropping of the 
material was shown by an increased rate of evolution of hydrogen 
from the calorimeter. As stated above, this is normally less than 
10 c.c. per minute. In some Ciises the introduction of porous 
material increased this for some time to more than 30 c.c. per minute. 

The values set out in Table I for the mean atomic specific heats 
of 53 elements at about 50' Abs. represent the results of some 200 
calorimetric observations. When plotted in terms of their atomic 
weights, they reveal definitely a periodic variation resembling 
generally the Avell-known Lothar Meyer atomic volume curve for the 
solid state. The relations between tne two curves is shown in Fig. 7. 
If experiments were similarly made Ijetw’cen the boiling points of 
hydrogen and helium then in all probability the atomic specific heats 
would be all very small and nearly constant. 




Fig 7 




Friday, Febi*uary 1:^ 1914. 

Sir James Crichton-Browne, J.P. M.D. LL.I). B.So. F.K.S., 
Treasurer and Vice-President, in ilie Chair. 

Professor J. Norman Collie, Ph.13. LL.D. D.Sc. F.It.S. 

The Production of Neon and Helium by the Electric Discharge. 

The starting point of the following experiments by the author was 
due to a number of observations on gases that are evolved wlien 
many minerals are bombarded by the cathode rays in vacuum tubes. 
Amongst the minerals experinaented on, fluor spar was found to give 
off a considerable amount of gas ; on the suggestion of Sir William 
Ramsay this gas w’as examined for helium and neon, witli the result 
that a small amount of neon was found. This observation led the 
author to a long series of experiments, the interest o£ wdiieli lay in 
the fact that helium often as well as neon made their appearance in 
various tubes througli which the electric discharge had been ])assed 
in a high vacuum. 

From the beginning, however, it had been ahvays olivious that as 
air contiiined both helium and neon great care must therefore be 
taken, firstly, to entirely get rid of all the air in the experimtuital 
tube by pumping it out'and subsequent wiishing out witli some pure 
gas, oxygen or hydrogen ; secondly, to be sure that no air leaked 
into the apparatus during the experiment. 

About four months after tlie author had noticed the occurrence 
of neon in the gases given off from fluor spar when bombarded by 
the cathode rays, he heard that Mr. II. H. Patterson, who was working 
at the University of Leeds, had obUiined similar results ; since then 
they had worked together, and later on Mr. Masson, of University 
College, London, had joined in the research. The idea (jf Mr. 
Patterson that had led him to his experiments was that if it were 
possible by means of the electric disc‘harge to impart to hydrogen 
atoms an extra electric charge, these hydrogen atoms might posibly 
be converted into helium atoms. 

In the joint work of the author with Mr. Patterson and Mr. 
Masson a large number of different forms of apparatus were enqjoyed, 
designed to test in every way conceivable what were the best con- 
ditions for the production of the gases, and at the same time exclude 
the possibility tnat the gases were occluded in the glass of the tubes 
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or in the metals used as electrodes. In one way many of the experi- 
ments were disappointing, for it was found that very often an 
experiment that had yielfled the gases, when it was repeated gave 
none, but at the same time there W'ere many positive experiments 
where it was almost impossible that the gases were due to any leak in 
the apparatus. 

Some of the more im]>ortant experiments were as follows : to 
prove that the gases wer(‘ not occluded in the aluminium electrodes 
used, the aluminium was both fused in vacuo and the gases evolved 
tested ; aluminium was also dissolved and the hydrogen produced 
examined : in both cases neither helium nor neon could be detected. 
The glass used in making the experimental tul)es was treated in the 
same way and negative results obtained. (Mass bulbs were evacuated 
as far as possible by means of the mercury pump, and washed out 
with ])ure gases, and then heated for hours almost to their softening 
point, but no helium or neon leaked through from the outer air. 
Large (juaiitities of mercury were boile<l in vacuo, but not a trace of 
helium or neon w^as given off. In another experiment the tube was 
entirely j.icketed by another tube that was so far evacuated as not to 
allow' the eloctrr. ^»pMrk to pass; neon was found as usual in the inner 
tube, but what w^as remarkable, helium with only a small amount of 
neon was present in the gas(‘s in the outer tube. In another experi- 
ment a large glass bulb was surrounded by a coil of wire and 
a powerful electrodeless discharge used : helium was found inside 
the bulb. Diflfereiit metals were used as electrodes, copper, silver, 
platinum, iron, potassium, sodium, lithium, magnesium, uranium, etc., 
and in nearly every case helium, or helium and neon, proved to be 
present in the gases that weie pumped off from the experimental 
tube. A quartz mercury lamp that had been in use over 8000 hours 
was found to contain a relatively large amount of helium and neon. 
A s]>ecial form of lamp was therefore constructed consisting of an 
inverted U-tube made of <piartz, the end dipping into mercury in two 
large test tubes, so arranged that the level of the mercury at the top 
of the U-tube could be raised and lowered. A side tube from the 
top of the apparatus led to a pump so that the gases could be pumped 
out and examined. This lamp was running for over two months, and 
gave helium mixed with a small quantity of neon during the whole 
period. For the tirst few’ weeks the top of the U-tube was surrounded 
by the air, but for the rest of the time it was enclosed in a jacket 
filled with w’ater ; the reason for doing this was that quartz is 
known to be pervious to helium and neon at high temperatures, i.e. 
1()0(» C. 

The summary of all these experiments had been : helium and 
neon did not come from the glass of the apparatus ; the eleetrodes 
could not be made to give either of these ga>cs by heating or by 
dissolution, and as far as possible all leak of air into the apparatus 
was excluded, yet iu a very large number of experiments both helium 
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and neon appeared in the tubes after a powerful electric discharge 
had been passed for some hours. 

In December 1918, Professor Strutt, in a note to the Royal 
Society, stated that he had repeated the experiments of the authors, 
and had failed to confirm them. He suggested that pumping out 
the gases and transference to another apparatus for the purpose of 
testing for helium and neon, would favour leakage of small quan- 
tities of air, quite sufficient to account for the helium and neon 
obtained by the authors. He had therefore used a form of appara- 
tus in which all the operations could be caiTied out without any 
such transference. To account for Professor Strutt’s failure to 
obtain positive results was difficult, for, as had been already pointed 
out, the authors found great difficulty often in repeating any par- 
ticular experiment ; moreover, in several of the positive experiments 
apparently helium but no neon appeared in the experimental tube. 

This fact cannot be explained by air leakage, for air contains four 
or five times as much neon as helium. At present the investigation 
was only begun ; many more experiments would have to be made, 
for the source of the helium and neon was still obscure ; but if it 
could be proved that these gases were produced from many metals 
and other substances under the influence of the cathode discharge, it 
it obvious that it would be a discovery of the most far-reaching 
importance 


[J. N. (\] 
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Sir James Crighton-Hrowne, J.P. M.D. LL.D. F.R.S., 
Treasurer and Vice-President, in the Chair. 

Professor W. A. Bone, D.Sc. Ph.l). F.R.S. 

Surface Combustion. 

Durino his researches upon Flame,* Sir Humphry Davy discovered, 
in 1817, that the constituents of a combustible mixture will com- 
bine slowly below the ij 2 :nition temperature ; this led him to enquire 
wliether, seeing that the tem})erature8 of flames far exceed those at 
which solids become iiican descent, a metallic wire can be maintained 
at incandescence by the combination of j^ases at its surface, without 
actual flame, lie thereupon tried the effect of introducing a wann 
platinum wire into a jar containing a mixture of coal-giis and air 
rendered non-explosi\e by an excess of the combustible constituents ; 
the wire immediately became red hot, and continued so until nearly 
the whole of the oxygen had disappeared. 

We will repeat the experiment, in a modified form, wdth the aid 
of a platinum crucible and a Bunsen burner. If the platinum 
crucible be wamied by the flame, and the flow of the explosive 
mixture through the burner l)e momentarily aiTested, and then 
immediately renewed, the gases, instead of burning with flame at the 
burner head, will immediately combine without flame over the 
platinum surface, causing it to glow. 

During the twenty \cars which followed Davy’s discovery, several 
distinguished chemists (William Henry and Thomas Draham in this 
country, but more particularly Dulong and Thcnard, and independ- 
ently Dobereiner in France) e\f»erimentcd upon the slow combination 
of gases at temperatures below* the ignition ])oint, in contact with hot 
solids, whereby it was established (1) that hot solids, and pre- 
eminently metals of the platiiiuni group, have the power of inducing 
gaseous combustion at relativeh low temperatures; and (2) that 
hydrogen is of all combustibh- g.ises, the most susceptible to this 
action. 

The inechani.Mii of this induced slow* surface combustion formed 
the subject of a celebrated coiitroveiv>y lH‘twe(‘n Faratlay and De la 
Hive in 18;U-5. De la Rive held the view that it consists essentially 
in a series of rapidly alternating oxidations and reductions of the 


* Collected Works, vol. p. 8. 
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sui-face ; Faraday, on the other hand, contended that the function of 
the surface is to condense both the oxygen and the combustible gas, 
thus producing in the surface layers a condition comparable to that 
of high pressure. But, owing to lack of crucial experiments, no 
satisfactory theory of the phenomenon could be evolved, nor, with 
the exception of the famous “ Dobereiner Lamp,” was there any 
pi-actical outcome of this early work. In 1886 interest in the subject 
suddenly dropped, and was not revived for half a century. 

^feanuhile, the researches of Deville upon the dissociation of steam 
and carbon-dioxide at high tei^eratures led to the notion, which was 
strongly upheld by the late Frederick Siemens, that inasmuch as 
incandescent surfaces promote dissociation, they must necessarily 
hinder combustion. This, of course, is fallacious ; we now recognize 
that if, as Deville proved, an incandescent surface accelerates the 
dissociation of steam, it must, according to a principle enunciated by 
Ostwald, of necessity accelerate the combination of oxygen and 
hydrogen in like degree, provided always that the surface remains 
chemically unaltered. 

A notable demonstration of the possibility of realizing flameless 
incandescent surface combustion in contact with metals otlier than 
those of the platinum group was given by Thomas Fletcher in a 
lecture at the Manchester Technical School as far back as 1887.* He 
injected a mixture of gas and air on to a large ball of iron wire, 
flame being used at first in order to heat the wire to the temperature 
necessary to induce a continuous surface combustion ; on extinguish- 
ing the flame, by momentarily stopping the gaseous mixture, the com- 
bustion continued without any flame, but with an enormous increase 
of temperature. Fletcher gras^ied three impf)rtant points, namely : 
(1) that “ this invisibly flameless combustion is only possible under 
certain conditions,” (2) “ that the combustible mixture shall come 
into absolute contact with a substance at high temperature. . . ,” 
and (8) that “ in the absence of a solid substance at a high tempera- 
ture, it is impossible to cause combustion uitliout flame ” ; but, so far 
as I am aware, he did not follow up the matter beyond this point, 
either in its theoretical aspects or practical applications, and his work 
had but little influence upon contem|K)rary opinion or practice. 

My own investigations upon surface combustion liegan in 1902 
with a systematic attempt to elucidate the factors operative in the 
slow combination of hydrogen and of carbon monoxide in contact 
with various hot surfaces (e.g. porcelain, fire-clay, magnesuv, plati- 
num, gold, silver, copper and nickel oxides, etc.) at tempeiratures 
below 500'.* Into the details of these earlier experiments, which 
preceded and led up to the technical developments about which I 
shall speak later, 1 do not propose to enter ; it will be suffici<^nt for 
ray present purpose if I say that it was proved beyond all question 


♦ Journal of Gas Lighting, 1887, i. p. 168. 
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(1) that the power of accelerating gaaeous combustion is possessed 
by (tU surfaces at temperatures below the ignition point in varying 
degrees, dependent upon their chemical characters and physicjil tex- 
ture ; (2) that such an accelerated surface combustion is dependent 
upon an absorption of the combustible gas, and probably also of the 
oxygen, by the surface, whereby it becomes “ activated ” (probably 
ionized) by association with the surface ; and (3) that the surface 
itself becomes electrically charged during the process. Finally, 
certain important differences between homogeneous combustiou in 
ordinary flames and heterogeneous combustion in conUct with a hot 
surface from a chemical point of view were established, so that there 
can be no longer any doubt as to the reality of the phenomenon.* 

The fact that such catalytic combustion depends upon an inti- 
mate association of the surface with the combining gases is beau- 
tifully illustrated by two photomicrographs of the surface of a silver 
gauze taken before and after a long series of experiments in which it 
was employed as the catalysing medium for the combination of hydro- 
gen and oxygen at 400 C. (848'' F.). Fig. 1 shows the original 
smooth condition of the surface, and Fig. 2 shows the “ frosted ” 
effect produced by the deep “pitting” action of the reacting gases 
during their absorption and “activation” by the surface. 

My next contention is that if hot surfaces possess the power of 
accelerating gaseous combustion at temperatures below, or in the 
neighbourhood of, the ignition point, the same power must also be 
manifested in even a greater degree at higher temperatures, and 
especially so when the surface itself becomes incandescent. Indeed, 
there are experimental grounds for the belief that not onlj^does the 
accelerating influence of the surface rapidly increase with the tem- 
perature, but also that the differences between the catalysing powers 
of various surfaces, which at low temperatures are often considerable, 
diminish \Yith a.scending temperatures until at bright incandescence 
they practically disappear. 

Such considerations as I have thus briefly explained convinced me 
some years ago that if an explosive gaseous mixture be either injected 
on to or forced through the interstices of a porous refractory incan- 
descent solid under certain conditions, wdiich will be hereafter ex- 
plained, a greatly accelerated combustion W'ould take f)lace within the 
interstices or pores, or, in other words, within the boundary layers 
between the gaseous and solid phases wherever these may be in con- 
tact^ and the heat developed by this intensifled combustion would 
maintain the surface in a state of incandescence without any develop- 
ment of Jiame^ thus realizing the conception of Jiamelese inrandesrent 

* Bone and Wheeler, Phil. Trans. Hoy. Soc , 1906 (A. 206, pp. 1-67J, also 
further (unpublished) results (1905-12) in collaboration with Messrs. <>. W. 
Andrew, A. Forshaw, and il. Hartley, which are summarized in Benckte der 
Deutschen Ghent. Ges., 1913. 
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surface combustion, as a ineaTis of greatly increasing the general 
efficiency of heating operations wherever it can be conveniently 
applied. 

There are critics who, whilst admitting the accelerating influence 
of an incjindescent surface upon gaseous combustion, are sceptical 
about the process being really flameless. The force of such objec- 
tions largely disappear when we get into close quarters with the 
phenomenon, and realize how' extremely slow a transjiction flame 
combustion really is when considered iii terms of molecular time. 
Take, for example, the ctise of such a (juick-burniTig mixture as 
electrolytic gas (2H.j + ().^). When this is ignited at atmospheric 
pressure, the flame is initially projvagated by conduction with a 
uniform slow velocity of 20 metres per second, and during this initial 
period of “ inflammation f the totiil duration of chemical change in 
each successive layer is something like tlie order of second, an 
interval of at least one hundred million times as long as th» average 
interval between successive molecular collisions in the gas. Even 
after “ detonation ” lias been set up in the mixture, when the com- 
bustion is propagated from layer to layer as a \\ave of adiabatic 
compression^ at a velocity of 2H20 metres per second, the total dura- 
tion of chemical change is still of the order of or second, 

or about a million times as long as the interval between successive 
molecular collisions. 

To illustrate how a flame may be extinguished by the introduction 
of an active catalysing surface, 1 will ])erform an experiment which 
was first exhibited here a Near ago by my colletigue Professor the 
Hon. R. J. Strutt, who has very kindly lent me his ap)>aratus. 
Most of you Nvill Ik* familiar with his discovery of the active modili- 
cation of nitrogen produc(‘d by a powerful eleijtric discharge. This 
bulb (capacity 3C0 c.c.) is full of rarefied nitrogen, at a pressure of 
about 1^0 mm. ; and in the side tube lies an oxidized coppei- wire, 
which fits it as closely as is consistent with easy sliding. 

If the nitrogen in the bulb be subjected to a pow'erful elec- 
trodeless discharge, it is transformed into an active condition; the 
gas continues to glow’ brilliantly, oNving to the fact that the 
“active” modification is reverting to the ordiiuiiw kind producing 
a luminosity which may be regarded as a condition analogous with 
flame. The glow' will last for a minute or more during the progrtss 
of tlie chemical reversion, and finally dies out Nvhen the latU*r is 
completed 

But if, on repeating the ex])eriment, the bulb be tilted so that 
the oxidized copjier Nvire drops into the glowing gjis, the luminosity is 
instantly extinguished. This shows that the reversion process is s** 
enormously accelerated by the surface that prctically tlie whole of 
the chemical action is concentrated at the surface, and instantaneously 
completed there, thus extinguishing the glow. 

I think we have, in Professor Strutt’s experiment, a close analogy 
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to wliiit I conceive as occurring when an incandescent surface is 
employed to accelerate ordinary gaseous combustion ; the action is so 
concentrated at the surface that a substantially “ flaineless effect 
results. I want to emphasize th(‘ fact that the incandescent solid 
plays a spi^cilic r61c in this surface combustion ; it is no mere idle 
looker-on at the surging crowd of reacting molecules which swarm 
around it. On the contrary, it so galvanizt‘s and incites the dormant 
affinities between the combustible gas and ovygen, that the stiitely 
minuet of ordinary combustion gives place to th(‘ wild intoxication of 
the Venusberg. 

The manner in w^hich the surface acts is still perhaps a 
matter of conjecture, but the fact that it so acts can no longer 
be disputed. In a discussion which took [dace at the British 
Association in iillO, Sir J. J. Thomson insisted that combustion is 
concerned not only with atoms and molecules, but also with electrons, 
i,e, bodies of much smaller dimemsions and moving with very high 
velocities, and suggested that in reference to lh(‘ influence of hot 
surfaces in promoting combustion it was not imprf»bable that tlie 
emission of charged piirticles from the surface was a factor of j>rimary 
importance. It is known that incandescent surfaces emit enormous 
streams of electrons travelling with high velocities, and th(‘ actions of 
these .surfaces in promoting combustion may ultimately be found to 
depend on the fact tliat they bring about the formation of layers of 
electrified gas in which cheini<‘ai changes proceed w'ith extraordinarily 
high velocity. 


The New Processes of Incandescent Surface Combustion. 

Leaving the theoretical aspects of the subject, I will now describe 
some of. the more important features of two processes of incandcs(*ent 
surface combustion evolved at the works of Messrs. Wilsons and 
Mathiesons, Ltd., in Leeds under my direction, with the assistance 
of Mr. C. D. McLoiirt, in wliich a homogeneous ex[)losi\e mixture of 
gets and air, in the pro[K*r proportions for coin])l(‘te combustion (or 
with air in slight exc(‘ss thereof), is caused to burn without flame 
ill contact wdth a granular incandescent solid, whereby a large pro- 
portion of the potential energy of the gas is immediately converted 
into radiant form. The advantages claimed for the new system, 
now' known as the “Bonecourt” system, are : (1) the combustion is 
greatly accelerated by the incandescent surface, and, if so desirt‘d, may 
lie < ‘Oil centra ted just wdiere the heat is required ; (2) the conjbustion 
is perfect with a minimum excess of air ; (3) the attainment of very 
high UMiiperaturcs is possible without the aid of elaborate regenera- 
tive devices ; and (4) owing to tlie large amount of radiant energy 
developed, transmission of heat from the seat of combustion to 
the object to be heated is very rapid. These advantages are 
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SO uniquely combined in the new system that the resultant heatiiis^ 
effect is, for many important purposes not only pre-eminently 
economical, but also easy of control. 


Diaphragm Heating and its Applications. 

In the first process the hoino{?eiieous mixture of gas and air is 
allowed to flow under slight pressure through a porous diaphragm of 
refractory material from a suitable feeding chamber (see Fig. 3), 



Fig. 3. — Diaphbagm, SECTiONAii View. 


and is caused to burn without flame at the surface of exit, which is 
th(‘r(‘by maintained in a state of red-hot incandescence. The dia- 
phragm is composed of granules of firebrick, or other material, 
l)ound together into a coherent block by suitable means : tin* 
porosity of the diaphragm is graded to suit tne particular kind of 
gas for which it is to be used. The diaphragm is mounted in a 
suitable casing, the space enclosed between the Ixick of the casing 
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and the diaphragm constituting a convenient feeding-chamber for 
the gaseous mixture. Such a mixture may be obtained in either of 
two ways, namely (1) by means of suitable connections through a 
Y-piece with separate supplies of low pressure gas and air (2 or 8 
inches W.G. is sufficient), or (2) by means of an “ injector ” arrange- 
ment connected with a supply of gas at a pressure of 1 to 2 lb. per 
sq. inch ; the gas in this case draws in its own air from the atmo- 
sphere in sufficient quantity for complete combustion, the proportions 
of gas and air being easily regulated by a simple device. 

We will now start up a diaphragm. Gas is first of all turaed on 
and ignited as it issues at the surface ; air is then gradually added 
until a fully aerated mixture is obtained The flame soon becomes 
non-luminous, and diminishes in size ; a moment later, it retreats on 
to the surface of the diaphragm, which at once assumes a bluish 
appearance ; soon, however, the granules at the surface attain an 
incipient red heat, producing a curious mottled effect ; finally, the 
whole of the surface layer of granules becomes red-hot, and an accele- 
rated “ surface combustion ” comes into play. All signs of flame 
disappear, and there remains an intensely glowing surface throwing 
out a genial radiant heat which can be steadily maintained for as long 
as required. 

Whilst the diaphragm is in operation before you, I may point out 
some of the more striking features of the phenomenon which it 
presents. Firstly^ tlie actual combustion is confined within a very thin 
layer — \ to i inch only —immediately below the surface, and no heat 
is developed in any other part of the apparatus. Kindly observe 
that whilst the front of' the diaphragm is intensely hot,^he back of 
the apparatus is so cold that I can lay my hand on itT Secondly, 
the combustion of the gas, although confined \v;ithin such narrow 
limits, is perfect, for when once the relative proportions of gas and 
air hiive been properly adjusted, no trace of unburnt gas esciipes 
from the surface. Thirdly, the temperature at the surface of the 
diaphragm can be instantly varied at will by merely altering the rate 
of feeding of the gaseous mixture ; there is practically no lag in the 
temperature response, a circumstance of great importance in opera- 
tions where a fine regulation of heat is required. Fourthly, a plane 
diaphragm such as this may be used in any position, i.e. at any 
desired angle between the horizontal and vertical planes. Fifthly, 
the diaphragm method is amenable to a variety of combustible gases 
— coal or coke oven gas (either undiluted or admixed with water 
gas), natural gas, petrol-air gas, carburreted water giis are all well 
suited in cases where unimpeded radiation is required. Finally, the 
incandescence in no way depends upon the external atim^sphere. 
When once the diaphragm has become incandescent, and tho propor- 
tions of air and gas supplied in the mixing chamber at the back have 
been properly adjusted, the surface will maintain its incandescence 
unim^ired, even in an atmosphere of carbon dioxide. 
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I need hardly point out to you the many obvious purposes, 
domestic and industrial, to which “ diaphragm heating ” may be 
applied. In the domestic line, the boiling of water, grilling, roasting 
and toasting are at once suggested, and although the best existing 
types of gas fires are thoroughly hygienic and efficient, I think that 
the diaphragm may come in for the heating of apartments ; at any 
rate experiments are being carried out in that direction. 

I have recently been told of a large restaurant in London where 
they are grilling by means of an electric radiator fixed horizontally 
above the work so that the radiant energy is directed downwards on 
to it. It has been claimed that the value of the recovered fat, which 
in the ordinary method of grilling drops into the fire and is consumed, 



Fig. 4 — Diaphragm for Dol^a^( Si gar Sol^'ITo^s, Eic 


has more than paid for the electricity used. With a diaphragm, 
similar advantages can be secured with gas at a considerably less 
cost ; for comparing gas of net calorific value 500 B.Th.Us. per 
cub. ft. at 2s. 6^. per 1000 cub. ft. with electricity at per unit, 
the initial cost of a given amount of energy is about 14 times greater 
in the form of electricity than in the form of gas. 

Turning now to the industrial field, I had the satisfaction of 
’visiting not long ago a large confectionery factory where the dia- 
phragms have been employed for more than a year for the boiling 
and concentrating sugar solutions. The solution is boiled in a copper 
pan over a 13-in. diameter circular diaphragm (see Fig. 4) ; the 
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supply of gaseous mixture is controlled by one lever which operates 
jii a single movement the gas and air coclffl. The ignition is effected 
automatically by .means of a small pilot light. Each boiler does 
10 to 12 heats per diem, each lasting twenty minutes, and some of the 
diaphragms have been in continuous daily use for about a year. I 
saw in the factory a battery of thirteen such boiling pans, all in 
constant use, and was informed that the gas consumption was not 
more than half what it formerly used to be when the pans were 
heated over ordinary atmospheric flame burners. The secret of this 
higher efficiency lies in the fact that gas flames are a very unsatisfac- 
tory means for boiling liquids in metallic vessels, owing to the non- 
conducting layer of relatively cool gas which forms between the flame 
and the undersurface of the pan ; but with a diaphragm the large 
percentage of radiant heat is quickly absorbed by the vessel and 
transferred to the liquid with high efficiency. 

Moreover, in evaporating liquids it is possible to use an overhead 
diaphragm, directing the radiation downward on to the surface of the 
liquid, thus eliminating altogether the influence of the containing 
vessel. In this way only the upper layers of the liquid are actually 
heated up to the working temperature, whilst the evaporation is 
extraordinarily rapid and efficient. Given a sufficiently cheap high- 
grade gas there would appear to be endless possibilities for diaphragm 
heating in the industrial field. 


Incandescent Surface Combustion in a Bed of Refractory 
Granular Material. 

The second process is applicable to all kinds of gaseous or vapor- 
ized fuels ; it consists essentially in injecting, through a suitable 
orifice at a speed greater than the velocity of back-firing, an explosive 
mixture of gas (or vapour) and air in their combining proportions 
into a bed of incandescent granular refractory material which is 
■disposed around or in proximity to the body to be heated. 

I can perhaps best describe the process by the aid of two diagrams 
showing its applications to the heating of crucible and muffle furnaces. 
Fig. 0 shows the process as applied to a crucible furnace. The crucible 
is surrounded by a bed of refractory incandescent granular material. 
The mixture of gas and air is injected at a high velocity through a 
narrow orifice in the base of the furnace, and as it impinges upon the 
incandescent bed, combustion is instantaneously completed without 
flame. 

The seat of this active surface combustion is in the lowest part of 
the bed ; the burnt gases, rising through the upper layers, rapidly 
impart their heat to the bed, maintaining it in a high degree of in- 
candescence. Pig. 6 shows a similar arrangement for the heating of 
a muffle furnace which needs no further explanation. 
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Jt is obvious that this process is capihle of adaptation to all kinds 
of furnace operations, as, for example, to the heating of crucibles, 
muffles, retorts, and to annealing and forging furnaces generally. 
Moreover, it is not essential that the bed of rc'fractory material 
should be very deep ; indeed a (piite shallow bed suffices to complete 
the combustion. Neither is it necessary that the bed shall be disposed 
around the vessel or chamber to be heated ; for if contact with the 
burnt products is not objectionable, a shallow^ bed may be arrangt‘d 



Fig. 5. 

within the heating chamber itself (Fig. 7) : or the refractory material 
may be equally well packed into tubes, or the like, traversing the 
substance or medium to be heated. The last-named modification is, 
as we shall see later, specially important in relation to steam-raising 
'in multitubular boilers. 

By means of this process much higher temperatures are attainable 
with a given gas than by the ordinary methods of flame combustion 
without a regenerative system, and, as a matter of fact, we have found 
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that with any gas of high calorific intensity (such as coal gas, water 
gas, or natural gas) the upper practicable temperature limit is deter- 
mined rather by the refractoriness of the material composing the 
chamber to be heated (i.e. the muffle or crucible) than by the possi- 
bilities of the actual combustion itself. When I tell you that in a 
crucible fired by coal gas on this system we have melt^ Seger-cone 
No. 89, which according to the latest determination of the German 
Reichsanstahlt melts at 1880** C. (8416° F.), and also that we can 



Fig. 6. 


easily melt platinum, you will appreciate the possibilities of the 
method in reprd to high temperatures with gas-fired furnaces. 

The maximum temperature obtainable, without “regenerative” 
appliances, with any particular gas will obviously depend upon 
the relative heat capacities of their products of combustion for 
a given heat development in the bed. In this connection, It is of 
interest to compare the principal gaseous fuels available for industrial 
operations in the order of their calorific intensities, as follows : — 
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The Combustion op Typical Gaseous Fuels. 
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Blue Water Gas 

290 

2-290 

2-82 

0-79 

1-14 

0-97 

0-96 

Coal or Coke Oven Gas 

500 

4-666' 

5-36 

0-93 

1-13 

1-08 

1-00 

Producer Gas 

140 

1-1661 

2-00 

0-84 

1-50 

1*43 

1 38 

Blast Furnace Gas ... 

100 

0-716 1 

1-58 

0-72 

1 

1-72 

1-68 

1-52 


Now, whilst with coal gas, coke oven gas or water gas, it should 
be easily possible, without regeneration, to obtain in a refractory 
granular bed t^rnneratures of up to at least 2000® C. (or say 
8630° F.), with a low-grade producer gas, such as Mond gas, about 
1500® C. (or say 2730’ F.), would probably be the approximate 
maximum without regeneration. But with some degree of heat re- 
cuperation, which in large furnaces is quite practicable, still higher 
temperatures would be attainable. 

Moreover, within the maximum limits, the heating with any kind 
of gas is very uniform, economical, and controllable ; mdeed the tem- 
perature for a given furnace fired by gas of uniform composition is 
chiefly controlled by the amount of gas burnt, or in other words, the 
rate of heat development in the bed. And as for economy, tests made 
about three years ago in Leeds under my supervision upon medium- 
sized muffle furnaces convinced me that to maintain a given tempera- 
ture between say 800 and 1400° C., a properly constructed ‘‘ suiface 
combustion furnace ” would require between 70 and 40 per cent only 
of the gas used in an ordinary flame-heated furnace of the same 
dimensions, and that the advantage in favour of “ surface combus- 
tion ” would increase rapidly with the working temperature. 

This was confirmed by independent competitive trials cariied nut 
in New York shortly after my lectures there in the autumn of 1911, 
in which our surface combustion furnaces were pitted against the 
best American types ; it was proved that in order to maintain a tem- 
perature of 1400^ C. we pi-actically halved their gas consumption, 
whilst to maintain 800° C. our consumption was about 0*7 ot 
theirs. 

Anyone who understands furnace design and construction will 
appreciate the many diflBculties which are necessarily encountered in 
applying a new and revolutionary idea of this sort to the firing of 
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large industrial furnaces. Indeed, the new conditions of heating are 
so radically different from the old, that a new experience has to be 
built up. There are problems connected with the proper feeding and 
distribution of gaseous mixture, with the dimensions and arrangement 
of the combustion beds, and with the refractiveness of the furnace 
walls, which have to be solved. Nevertheless, judging from reports 
that reach me from time to time, substantial progress has been made 
in the direction of gas-fired crucible furnaces for brass and aluminium 
melting, annealing furnaces, and forging furnaces, the latter fired 
with producer gas with regeneration of gas and air. Some large 
annealing furnaces (for example. Fig. 8) are now running satis- 
factorily in industrial establishments on both Mond gas and town 
gas, and I understand that brass melting can be carried out in 50 to 
GO lb. charges in tilting crucible furnaces with the remarkably low 
consumption of about 1*75 cub. ft. per pound of metal melted and 
poured. 


Surface Combustion at Applied to Steam Raising. 

I now come to an important application of the new process to the 
raising of steam in multitubular boilers ; not that the application of 
surface combustion is limited to boilers of the multitubular type, but 
because our investigations have so far been principally made with 
tlie'^e. 

It is w'ell known that the gas-firing of steam boilers has not been 
very successful from the point of view either of thermal efficiency or 
of rate of evaporation. In this country the gases available for steam- 
raising purposes on a large scale are principally (1) blast furnace gas, 
of which there are large surpluses available in all iron-smelting areas ; 
(2) the surplus gas obtainable during the manufacture of coke in by- 
product ovens ; and (3) producer gas of various compositions, but 
more particularly that manufactured under ammonia recovery 
conditions. In the United States, and some other oil-producing 
countiies, natural gas of high calorific power is also available. All 
these gases have been found to be amenable to the system I am 
about to describe. 

It has been estimated ])y a prominent British blast furnace 
engineer that the thermal efficiency of the best type of water-tube 
boiler, fired by blast furnace gas, does not exceed about 55 pei cent., 
whilst in the case of boilers fired by coke oven gas the average thermal 
efficiency probably does not much exceed 65 to 70 per cent. But on 
applying the principle of surface combustion to the gas-firing of 
multitubular boilers we have been able to obtain results with coal gas 
corresponding to the transmission of nearly '»5 per cent of the net 
calorific value of the gas to the water in the boiler. 

Our first experiments in Leeds were made with a single steel tube 
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8 feet in length and 3 inches in diameter, packed with fragments of 
granular refractory material, meshed to a proper size, and fitted at 
one end with a fire-clay plug, through which was bored a circular 
hole, f inch in diameter, for the admission of the explosive mixture 
of gas and air at a speed greater than that of back firing (Fig. D). 
The tube was fitted into an open trough, such as you see here on the 
table, in which water could be evaporated at atmospheric pressure. 
After the lecture my assistants will demonstrate the Itoiling of water 
in this apparatus. 

Such a tube may be appropriately termed the fundamental unit 
of our boiler system, because boilers of almost any size may be con- 


oi/iCRfitn or THE rutmiLmitL boillr unit 




Fig 9. — Diagram of the Fundamental Unit. 


structed merely by multiplying the single tube, and as each tube is, 
so to speak, an independent fire or unit, the efficiency of the whole 
is that of the single tube, or in other words, the efficiency of the 
whole boiler is independent of the number of tubes fired. 

Experimenting with such a tube, it was found possible to bum 
completely a mixture of 100 cubic feet of coal gas plus 550 cubic feet 
of air per hour, and to evaporate about 100 lb. of water from and at 
100° C. (212° F.) per hour (20 to 22 lb. per square foot of heating 
surface), the products leaving the further end of the tube at prac- 
tically 200° C. This meant the transmission to the water of 88 per 
cent, of the net heat developed by the combustion, and an evapora- 
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tion per square foot of heating surface nearly twice that of an express 
locomotive boiler. The combustion of the gas was completed within 
4 or 5 inches of the ])omt where it entered the tube. Of the 
total evaporation, no less than 70 per cent occurred over the firat 
lineir foot of the tube, 22 per cent over the second foot, aud only 
8 per cent, over the last foot This points to a very effective 
“ radiation ” transmission from the incandescent granular material in 
the first third of tlie tube, where the zone of active combustion is 
located, although it should be remarked that the loci of actual contact 
between the incandescent material and the walls of the tube are so 



Fig 10 . 


rapidly cooled by the transmission of heat to the water on the other 
side tW they never attain a temperature even approaching red heat. 
The granular material in the remaining two-thirds of the tube serves 
to baffle the hot products of combustion, and to make them repeatedly 
impinge with high velocity against the walls of the tube, thus 
materially accelerating their cooling, and either preventing or 
minimising the formation of the feebly-conducting stationary film of 
relatively cold gases which in ordinary boiler practice clings to the 
tube walls, seriously impairing the heat transmission. 

Having thus satisfied ourselves of the efficiency of the funda- 
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mental unit as an evaporator, we proceeded to construct our first 
experimental boiler, made up of ten tubes, each 3 ft. long and 3 in. 
in diameter, fixed horizontally in a cylindrical steel shell capjible of 
withstanding a pressure of over 200 lb. per square inch. This boiler 
is shown diagmmmatically in Fig. 10 (section showing three tubes 
only), whilst Fig. 11 is a photograph of it (back view showing feed 
water heater). The gaseous mixture was forced through the tubes 
under pressure from a special feeding chamber attached to the front 
plate of the boiler ; the products of combustion, after leaving the 
boiler, passed through a small feed-water heater containing nine 
tubes, each 1 ft. long and 3 in. in diameter, filled with granular 
material to facilitate the exchange of heat. 

This combination of boiler and feed-water heater proved pheno- 
menally successful in every way ; in a trial run at Leeds on December 8, 
1910, with coal gas of net calorific value 562 B.Th.Us. per cubic foot 
at N.T.P., and evaporating at the rate of 21 *6 lb. of water from and 
at 212° F. per sq. ft. of heating surface per hour, the ratio of the 
heat utilized to the net heat developed in the tubes was 0-943. But 
this remarkable result was eclipsed in another independent trial 
carried out by German Engineers in London on January 8, 1913, when 
with coal gas of net calorific value 510 B.Th.Us. per cubic foot at 
N.T.P., and evaporating at the enormously high rate of 33*9 lb. 
from and at 212" F. per square foot of heating surface, the ratio of 
the heat utilized to the net heat developed by combustion was 0-933. 
The details of these tests are shown below : — 


— 

I 

Dec 8, 
1910 

11 

Jan 8, 
1918 

1. Not cal. value of gas : B. Th. Ub. per cub. ft at 



N. T. P 

662 

510 

2. Rate of evaporation: Lbs. of water per sq. ft. 



heating surface per hour (from and at 212^ Fahr.) 

21-6 

33-9 

3. Pressure of gaseous mixture entering the tubes • 



Inches W. G 

17-3 

40-9 

4. Pressure of products entering the feed water heater . 



Inches W. G 

2-0 

6-14 

5. Steam gauge pressure : Ijbs. above atmospheric ... 

100 

103 

6. Boiling point of the water : Fahr. Degrees 

338 

340° 

7. Temperature products leaving boiler . Fahr. Degrees 

446° 

634^ 

8. Temperature products leaving feed water heater : 



Fahr. Degrees 

203° 

289^ 

9. Net heat supplied to the boiler per hour ; B. Th. Us. 

559.800 

7$8,333 

10. Net heat transmitted per hour : B. Th. Us 

627,800 

6S0,0(X) 

Efheienoy Ratio 

0-943 

0*933 





Fig 11 
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The 110-Tube Boiler at the Skinningrove Ironworks. 

Six months’ continuous experience with our first experimental unit 
gave us great confidence in its reliability, so that when in the early 
months of 1911 we received an inquiry from the Skinnin^ove Iron 
Co., Ltd., for a boiler of about ten times the capacity of the experi- 
mental unit, to be fired by means of the surplus gas from their new 
Otto by-product coking-plant, we had no hesitation in accepting a 
commission to instal our first large boiler there, under a strict 
guarantee as to its output and efficiency. This boiler (Fig. 12) was 
built by Messrs. Richardsons and Westgarth, Titd., of Middlesbrough, 
to the design of Mr. Michael liongridge, to whom I had been 



Fig. 13 


indebted for much valuable advice and encouragement during the 
earlier experiments. It consists of a cylindrical drum 10 feet in 
diameter and 4 feet from front to back, traversed by 110 steel 
tubes, each of 3 inches internal diameter, which are packed with 
fragments of suitable refiiictory granular material. To the front of 
the boiler is attached a specially designed feeding chamber which 
delivers washed coke oven gas at 60 to 70“ Fahr., and under a pres- 
sure of 1 to 2 inches W.G., to each of the 110 combustion tubes ; this 
gas, together with a regulated proportion of air from the outside 
atmosphere, is drawn, under suction from a fan, through a short 
mixing tube, into each of the said combustion tubes, where it is burnt 
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without jSame in contact with the incandescent granular material. 
The products of combustion having travei’sed the 4-foot length of 
packed tube, pass outwards into a semicircular chaml)er at the back of 
the boiler, ainl thence through a duct to the tubular feed-waste heater. 
The fan which is attached just beyond this feed-water heater and is 
driven by a three phase A.C. electric motor, sucks out the cooled pi’o- 
ducts, at a temperature of 100° C. (212'" F.) or under, and discharges 
them, through a short vertiail duct, into the atmosphere. The 
arrangement of the whole plant is shown in tlie accompanying dia- 
gram (Fig. 13). 

Tlie plant was successfully started up on November 7tb, 1911, 
fora month’s trial run — day and night continuously— after which 
it was opened up for an official inspection by the representative of a 
Boiler Insurance Company. Everything worked without n hitch 
during this trial ; steiim was generated at 100 lbs. gauge pressure, 
from a feed- water of about four degrees of hardness, whilst the 
average temperature of the waste gases leaving the feed-water beater 
was reduced to 80^ C. (say 175 Fahr.), a sure indication of the high 
thermal efficiency of the plant. When, at the conclusion of the 
month's trial, the lx)iler w'as opened up for inspection, the conilmstion 
tubes were found to be in good condition and free from scale : indeed, 
owing to the extremely high rate of evaporation, the scaling troubles 
experienced with other types of multi-tubular boilers appear to be 
completely obviated, the scale being automaticMilIy and continuously 
shed from the tube in thin films (about in. thick) as fast as it 
is formed ; a very important advantage, as anyone who is plagued 
by scaling troubles wdll appreciate. 

After this official inspection, the plant, having amply ftllfilh'd our 
guarantee, was taken over by the Skinningrove Iron (^ 0 ., and it was 
at once re-started under the <lirection of Mr. E. Bury, M.Sc., the 
Manager of the Coke Oven Plant, who maintained it in continuous 
commission for three months until the great coal-strike of 1912 
brought everything to a standstill. 

At the end of July, 1912, after altogether five months actual 
ninning, exhaustive trials were made under the personal siiixjiinten- 
dence of an eminent American steam engineer who had crossed the 
Atlantic with a commission to investigate the boiler ; he subsequently 
reported the following results of a ten-hours’ steam trial on July 29th, 
which speak for themselves. 


Results of Steam Thial, July 29, 1912. 

Duration of test in hours 10 

Moan steam gas pressure, lbs. per sq. in. above 

atmospheric 97-2 

Total gas burnt, cub. ft. at N.T.P 101,853 
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Net cal. value of gaa, B. Th. Us. per cub. ft. at N.T.P. 

Total net heat supplied, B. Th. Us 

Temperature of products leaving boiler, Fahr. 

Degrees 

Temperature of products leaving feed-water heater, 

Fahr. Degrees 

Total water evaporated, lbs. from and at 212"’ Fahr. 
Evaporation in llw. per sq. ft. of boating surface per 

hour 

Per cent. Dryness of steam 

Total heat utilized, B. Th. Us 


510-6* 

62,003,996 

386° (196'’ C.) 

202° (94-6° C.) 
49,824 

14-1 

99-3 

48,208,399 


Ratio 


Heat utilized 


= 0*927 t 


Net heat supplied 


The heat balance of the test is as follows, and for purposes of 
comparison I will jjive the heat balance for a trial of a marine boiler 
fired with a trood steam coal of net calorific value 18 ,h 00 B.Th.Us. 
per lb. (volatil-* rnatter = 16*1 per cent). 


— 

(iaB-^lred 
Surface Combus- 
tion Boiler 

Toal-Flred 

Mamie 

Boiler 


Per Cent 

Per Cent. 

Heat utilized 

92-7J 

75*1 

r in burnt gases 

' 30 1 

18-1 

Heat lost < in unburnt gases 

nil 

2*8 

1 by radiation, etc 

4*3 

4-0 


100-0 

100*0 

Rate of Evaporation in lbs. per &q. ft. heating 
surface per hour 

14-1 

4-3 


The en<?ineer who superintended these trials was very anxious to 
find out whether, in view of the intensity of the combustion and the 


* An analysis of a typical sample of the gas gave * — 

CO, = 2-6; CO - 6 6. = 3*2; CH, = 28-0; 

H, = 48*0 ; Nj, etc. = 11 *3 per cent, 
t It should be stated that the boiler was not lagged during the trial, other- 
wise this figure would have been about 0*94. 

I Deducting the steam equivalent of the power consumed in driving the 
fan on the Skinningrove boiler, the “ over-all efftciem t/ ” of the plant is practi- 
cally 90 per cent. To complete the comparison, the coal-fired boiler should be 
similarly debited with the power (whether human or mechanical) expended 
m stoking. 
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high rate of heat transmission, the boiler tubes after five months 
continuous running day and night would show any signs of deterior- 
ation. Consequently, one of the boiler tubes, selected by him, was 
cut out and subjected to severe mechanical tests, similar tests l^ing 
simultaneously made with a new and unused boiler tube of same 
dimensions. The results proved conclusively that the five months’ 
service had not in any way impaired the mechanical properties of the 
boiler tubes, thus falsifying the confident predictions of several 
critics that the tubes would be speedily burnt through : — 


Old Tube after 6 Months 
Service 



New Tu^e 

Front End of 

Back end of 

1 


Boiler 

Boiler 

Ultimate tensile strength, tons per 




per sq. in I 

25 • 3-27 *1 

27-9-29-6 1 

1 29-7-31 -6 

Elastic limit t 

11-9-14-4 

20 05 

19-3-20-5 

Per cent elongation on 8 in. length 

23-24 

19-21 

18-28 

Per cent area contraction 

56 *6-58 -8 

61-3-63-1 

1 

63 -4-61 -3 


The new tube was slightly thinner than the old one, and therefore 
the better comparison would be between the results obtained for the 
specimens taken from the front and hack ends of the old tube, be- 
cause, whereas the specimen from the front end had surrounded the 
intensely heated “zone of combustion,” that from thcrback end 
had never been subjected to a higher temperature than that of the 
water in the boiler (s^y 168*" C. or F.). The results of the 
tests show practically no difference between the mechanical strengths 
of the two specimens. Perhaps the best testimonial to the success 
of this initial installation of a large boiler on the new principle 
is the fact that the Skinningrove Iron Co. have put down a second 
unit foi their new battery of coke ovens, which is now being started 
up, and I expect, within a few weeks at most, to see the two boilers 
working side by side. 

Within the last few months the firm of Krupps have put down a 
boiler in connection with one of their coking plants in the Ruhr 
district of Westphalia, from the plans of the Skinningrove plant. 
This boiler has been running successfully since October la$t, and 
about three weeks ago underwent its official steam trials, which were 
carried out by the Bergbauliche Verein. Pending the official 
publication of the results in the German technical press, I am pre- 
cluded from giving any details to-night, but an unofficial test on 
October 30th, 1913, showed a total evaporation of C750 lb. of water 
“from and at 212" Fahr.” per hour, with an efficiency ratio of 
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0*925; and I am informed that the results of the recent official 
tests have confirmed these satisfactory figures. 

As this is the first occasion on which I have been able to refer in 
public to* the successful inauguration of these inventions on a com- 
mercial scale in Germany, and in anticipation of the publication of 
the results of the official German trial, I wish, with your kind per- 
mission, to mention a matter which, although it may appear personal, 
is nevertheless bound up with the credit of British scientific in- 
vention. 

This boiler, invented and developed as it was in Leeds, by a 
group of British chemists, all University trained men, aided by the 
advice of Mr. Michael Longridge and by the enterprise of my friends 
of the Skinningrove Iron Co., may truly be claimed as an “all- 
British” invention, if ever there was one. Nevertheless, it has 
recently been described in the German technical press as the “ Bone 
Schnabel,” or the “ Schnabel Bone ” boiler, instead of the “ Bone- 
court ” boiler, as it should be. It may be necessary at some future 
time, to deal more fully with this aspect of the matter, but to-night I 
will content jnyself with a protest against any attempt to claim or 
represent this Boiler as, in part, a German invention. 

I have perhaps said enough already about the boiler and its 
working to convince you that it combines high thermal efficiency and 
concentration of power, in a unique degree, and perhaps I may be 
permitted to summarize the other importiint advantages which may 
be claimed for it. Firstly^ from the constnictional point of view, 
nothing could be simpler or more compact than a cylindrical shell 
only 4 feet long by 10 feet in diameter, traversed by straight tubes, 
supported on a casting, and requiring neither elaborate brickwork 
setting nor expensive chimney fiues and stack. Secondly^ it has a 
further advantage over all multitubular boilers in that the front plate 
can never be heated beyond the temperature of the water, however 
much the firing may be forced, a circumstance wliich, coupled W'lth the 
extremely short length of the tubes, implies an absence of strain and 
greatly reduces the risk of leaky joints. Thirdly^ the high rate of 
mean evaporation obviates scaling troubles, and the very steep 
evaporation gradient along each tul)e ciiuses a considerable natural 
circulation of water in the boiler, a factor of great importance from 
the point of view of good and efficient working ; in this connection I 
may remind you that under normal working conditions w^e obtain a 
mmi evaporatio7i of 20 lbs. per square foot of heating surface per 
hour, and can, if need be, force this up to 85 lbs. ; of this total 
evaporation, 70 per cent occurs over the first third length of the 
tube, 22 per cent over the second third, and only 8 per cent over the 
last third. Fourthly ^ inasmuch as each tube of the boiler is, so to 
speak, an independent combustion unit, capable of being shut off or 
lit up without affecting the others, and as it only takes five minutes 
after lighting up a cold tube to attain its maximum steam output, it is 
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obvious that not only is such a boiler highly responsive to rapid 
variations in the load, but also it works with equal efficiency at both 
small and big loads ; indeed, witnin very wide limits, its efficiency is 
practically independent of the load. 

I have endeavoured, within the hour, to trace the history of an 
idea from its inception in the laboratory through its experimental 
stages right up to its successful technical applications. Modern 
chemistry originated in the primeval instinct of “ fire-worship,” and 
even a century after Davy's work, the science of combustion is not yet 
a completed record. On the theoretical side, there are still obscure 
points concerning the mechanism of “ surface combustion ” for future 
investigation, and it will probably take many years to realize the 
wide range of industrial possibilities in gas-firing already opened up, 
not to speak of the equally important problem of “ oii-firing.” The 
number of applications of “ surface combustion ” which have been 
pressed upon our attention from without is positively embarrassing, 
and the t^k of fulfilling all expectations in the near future is indeed 
formidable. I hope, however, I have succeeded in convincing you 
that a sound foundation has been laid, upon which may be reared 
an enduring edifice. 

[W.A. B.] 



Friday, March 2(», 1914. 

Alexander Siemens, Esq., M.lnst.O.E. M.I.E.E., Secretary 
and Vice-President, in the Chair. 

The Right Hon. Lord Rayleigh, O.M. P.C. LL.D. D.Sc. F.R.S. 

M.R.I., Honorary Professor of Natural Philosophy, 

Royal Institution. 

Fluid Motions. 

The subject of this lecture has received the attention of several 
generations of mathematicians and ex{>erimeiiters. Over a part of 
the field their" lf.lK)urs have been rewarded with a considerable degree 
of success. In all that concerns small vibrations, whether of air, 
as in sound, or of water, as in waves and tides, w^e have a large body 
of systematized knowledge, though in the (‘ase of the tides the question 
is seriously complicated by the fact that the rotation of the globe is 
actual and not merely relative to the '•un and moon, as well as by 
the irregular outlines and depths of the various oceans. And even 
when the disturbance constituting the vibration is not small, some 
progress has been made, as in the theory of sound waves in one 
dimension, and of the tidal borei^, whicli are such a remarkable 
feature of certain estuaries and rivers. 

The general equations of fluid motions, when friction or vl^cosity 
is neglected, were laid down in quite early days by Eulrr and 
Lagrange, and in a sense they should contain the whole theory. But, 
as Wliewell remarked, it soon appearc^l that tliesc ecpiations by 
themselves take us a surprisingly little way, and much matiiematical 
and physical talent had to be expended before the truths hidden in 
them could be brought to light and exhibited in a practical shape. 
What was still mure disconcerting, some of the general propositions so 
arrived at were found to be in flagrant contradiction with observa- 
tion, even in cases where at first sight it w'ould not seem that viscosity 
was likely to be important. Thus a solid body, submerged to a 
sufficient depth, should experience no resistance to its motion through 
water. On this principle the screw of a submerged boat would be 
useless, but, on the other band, its services would not be needed. It 
is little wonder that practical men should declare that theoretical 
hydrodynamics has nothing at all to do with real fluids. Later we 
will return to some of these difficulties, not yet fully surmounted, but 
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for the moment I will call your attention to simple phenomena of 
which theory can give a satisfactory account. 

Considemble simplification attends the supposition that the 
motion is always the same at the same place— is steady^ as we say — 
and fortunately this covers many problems of importance. Consider 
the flow of water along a pipe whose section varies. If the section 
were uniform, the pressure would vary along the length only in 
consequence of friction, which now we are neglecting. In the 
proposed pipe how will the pressure vary ‘t I will not prophesy as 
to a Royal Institution audience, but I believe that most unsophis- 
ticated people suppose that a contracted place would give rise to an 
increimed pressure. As was known to the initiated long ago, nothing 
can be further from this fact. The experiment is easily tried, either 
with air or water, so soon as we are provided with the right sort of 
tube. A suitable shape is shown in Fig. 1, but it is rather trouble- 



some to construct in metal. W. Froude found paraffin-wax the 
most convenient material for ship models, and I have followed him 
in the experiment now shown. A brass tube is filled with candle- 
wax and bored out to the desired shape, as is easily done with 
templates of tin plate. When I blow through, a wction is developed 
at the narrows, as is witnessed by the rise ot liquid in a manometer 
connected laterally. 

In the laboratory, where dry air from an acoustic bellows or a 
gas-holder is available, I have employed successfully tubes built up of 
cardboard, for a circular cross-section is not necessary. Three or 
more precisely similar pieces, cut for example to the shape shown in 
Fig. 2 and joined together closely along the edges, give th^ right 
kind of tube, and may be made air-tight with pasted paper or with 
sealing-wax. Perhaps a square section requiring four pieces is best. 
It is worth while to remark that there is no stretching of the card- 
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board, each side being merely hmt in one dimension. A model is 
before you, and a study of it forms a simple and useful exercise in 
solid geometry. 

Another form of the experiment is perhaps better known, though 



Fig. 2. 

rather more difficult to think about. A tube (Fig. ends in a 
flange. If I blow through the tube, a card presented to the flange 
is drawn up pretty closely, instead of being blown away as might l)e 
expected. we consider the matter, we recognize that the 

channel between the flange and the card through which the air 
flows after leaving the tube is really an expanding one, and thus 
that the inner part may fairly be considered as a contracted place. 
The suction here develoi^ed holds the card up. 



Fig. 3. Fig. 4 


A slight modification enhances the effect. It is obvious that 
immediately opposite the tube there will be pressure upon the card 
and not suction. To neutralize this a sort of cap is provided, 
attached to the flange, upon which the objectionable pressure is 
taken (Fig. 4). By blowing smartly from the mouth through this 
little apparatus it is easy to lift and hold up a penny for a short 
time. 
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The facts then are plain enough, but what is the explanation ? It 
IB really quite simple. In steady motion the quantity of fluid per 
second passing any section of the tube is everywhere the same. If 
the fluid be incompressible, and air in these experiments behaves 
pretty much as if it were, this means that the product of the velocity 
and area of cross-section is constant, so that at a narrow place the 
velocity of flow is necessarily increased. And when wc enquire how 
the additional velocity in passing from a wider to a narrower place is 
to be acquired, we are compelled to recognize that it can only be in 
consequence of a fall of pressure. The suction at narrow^s is the 
only result consistent with the great principle of conservation of 
energy ; but it remains rather an inversion of ordinarj ideas that 
we should have to deduce the foices from this motion, rather than 
the motion from the forces. 

The afmlication of the principle is not always quite straight- 
forward. Consider a tube of slightly conical form, open at both ends, 
and suppose that we direct upon the narrower end a jet of air from a 
tube having the same (narrower) section (Fig 5). We might expect 



Fig. 5 


this jet to enter the conical tube witliout much comphcatiWi. But if 
we examine more closely a difficulty arises. The stream in the 
conical tube would have different velocities at the two ends, and 
therefore different pressures. The pressures at the ends could not 
both be atmospheric. Since at any rate the pressure at the wider 
delivery end must be very nearly atmospheric, that at the narrower 
end must be decidedly befow that standard. The course of the ev ents 
at the inlet is not so simple as supposed, and the ajiparent contradic- 
tion is evaded by an inflow of air from outside, in addition to the 
jet, which assumes at entry a narrower section. 

If the space surrounding the free jet is enclosed (Fig. 6), suction 
is there developed, and ultimately when the motion has become 
steady the jet enters the conical tube without contraction. A model 
shows the effect, and the principle is employed in a well-known 
laboratory instrument arranged for working off the water-maii^i. 

I have hitherto dealt with air rather than i\ater, not only liecause 
air makes no mess, 4)ut also because it is easier to ignore gravitation. 
But there is another and more difficult question. You will have 
noticed that in our expanding tubes the section changes only gradu- 
ally. What happens when the expansion is more sudden — ^in the 
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extreme case when the diameter of a previously uniform tube suddenly 
becomes infinite ? (Fig. 3 without card.) Ordinary experience 
teaches that in such a case the flow does not follow the walls round 
the corner, but shoots across us a jet, which for a time preserves its in- 
dividuality and something like its original section. Since the velocity 
is not lost, the pressure which would replace it is not developed. 
It is instructive to compare this case with another, experimented on 
by Savart ♦ and W. Froude,t in which a free jet is projected through 
a short cone, or a mere hole in a thin wall, into a vessel under a 
higher pressure. The appanitus consists of two precisely similar 
vessels with apertures, in which the fluid (water) may be at different 
levels (Fig. 7, copied from Froude). Savart found that not a single 
drop of liquid was spilt so long as the pressure in the recipient vessel 
did not exceed ofie-sixth of that under which the jet issues. And 
Froude reports that so long as the head in the discharge cistern is 



Fig. 6. 


maintained at a moderate height above that in the recipient cistern, 
the whole of the stream enters the recipient orifice, and there is “ no 
waste, except the small sprinkling ii'hich is occasioned by inexactness 
of aim, and by want of exact circularity in the orifices.” 1 am dis- 
posed to attach more importance to the small spill, at any rate when 
the conoids are absent or very short. For if there is no spill, the jet 
(it would seem) might as well be completely enclosed ; and then it 
would propagate itself into the recipient cistern without sudden ex- 
pansion and consequent recovery of pressure. In fact, the pressure 
at the narrows would never fall })elow that of the recipient cistern, 
and the discharge would be correspondingly lessened. When a de- 
cided spill occurs, Froude explains it as due to the retardation by 
friction of the outer layers, which are thus unable to force themselves 
against the pressure in front. 

Evidently it is the behaviour of these outer layers, especially at 


♦ Ann. de Chimie, Iv. p. 267, 1833. 
t Nature, vol. iii. p. 93, 1876. 
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narrow places, which determines the character of the flow in a large 
variety of cases. They are held back, as Fronde pointed out, by 
friction acting from the walls ; but, on the other hand, when they 
lag they are pulled forward by layers farther in which still retain 
their velocity. If the latter prevail, the motion in the end may not 
be very different from what would occur in the alienee of friction ; 
otherwise an entirely altered motion may ensue. The situation as 
regards the rest of the fluid is much easier when the layers upon 
which the friction tells most are allowed to escape. This happens in 
instruments of the injector class, but I have sometimes wondered 
whether full advantage is taken of it. The long gradually expanding 
cones are overdone, perhaps, and the friction which they entail must 
have a bad effect. 



Similar considerations enter when we discuss the pjissage nf a 
solid l)ody through a large mass of fluid otherwise at lest, as in the 
case of an airship or submarine boat. I say a submarine, because 
when a ship moves upon the surface of the water the formation 
of waves constitutes a complication, and one of great importance 
when the speed is high. In order that the water in its relative 
njotion may close in properly behind, the after-part of the ship must 
be suitably shaped, fine lines being more necressary at the stem than 
at the l)Ow, as fish found out before men inteiested themselves in the 
problem. In a well-designed ship the whole resistance (apait from 
wave-making) may be ascribed to skin friction^ of the same naJtnre as 
that which is encountered when the ship is replaced by a tbi$ plane 
moving edgeways. 

At the other extreme we may consider the motion of a thin disk 
or blade flatways through the water. Here the actual motion differs 
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altogether from that prescribed by the classical hydro-dynamics, 
according to which the character of the motion should be the same 
behind as in front. The liquid refuses to close in behind, and a 
region of more or less “dead water” is developed, entailing a greatly 
increased resistance. To meet this Helmholtz, KirchhofiF, and their 
followers have given calculations in which the fluid behind is sup- 
posed to move strictly with the advancing solid, and to be separated 
from the remainder of the mass by a surface at which a finite slip 
takes place. Although some difficulties remain, there can be no 
doubt that this theory constitutes a great advance. But the surface 
of separation is unstable, and in consequence of fluid friction it soon 
loses its sharpness, breaking up into more or less periodic eddies, 
described in some detail by Mallock (Fig. 8). It is these eddies which 
cause the whistling of the wind in trees and the more musical notes 
of the aeolian harp. 

The obstacle to the closing-in of the lines of flow behind the 
disk is doubtless, as before, the layer of liquid in close proximity to 
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the disk, which at the edge has insufficient velocity for what is 
required of it. It would be an interesting experiment to try what 
would be the effect of allowing a small “spill.” For this purpose 
the disk or blade would be made double, with a suction applied to 
the narrow interspace. Relieved of the slowly moving layer, the 
liquid might then be able to close in behind, and success would be 
witnessed by a greatly diminished resistance. 

When a tolerably fair-shaped body moves through fluid, the 
relative velocity is greatest at the maximum section of the solid 
which is the minimum section for the fluid, and consequently the 
pressure is there least. Thus the water-level is depressed at and 
near the midship section of an advancing steamer, as is very evident 
in travelling along a canal. On the same principle inay be explained 
the stability of a ball sustained on a vertical jet as in a well-known 
toy (shown). If the ball deviate to one side, the jet in bending 
round the surface develop a suction pulling the ball back. As Mr. 
Lanchester has remarked, the effect is aided bv the rotation of the 
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ball. That a convex surface is attracted by a jet playing obliquely 
upon it was demonstrated by T. Young more than 100 years ago 
by means of a model, of which a copy is before you (Fig. 9). 

It has been impossible in dealing with experiments to keep quite 
clear of friction, but I wish now for a moment to revert to the ideal 
fluid of hydro-dynamics, in which pressure and inertia alone come 
into account. The possible motions of such a fluid fall into two 
great classes — those which do and those which do not involve rotation. 
What exactly is meant by rotation is best explained after the manner 
of Stokes. If we imagine any spherical portion of the fluid in its 
motion to be suddenly solidified, the resulting solid may be found 
to be rotating. If so, the original fluid is considered to possess 
rotation. If a mass of fluid moves irroUitionally, no spherical 



A plate, bent into the form A, B, C, turning on centre B, is 
impelled by a stream of air D in the direction shown 


portion would revolve on solidification The importance of the 
distinction depends mainly upon the theorem, due to Lagrange and 
Cauchy, that the irrotational character is permanent, so that any 
portion of fluid at any time destitute of rotation will always remain 
so. Under this condition fluid motion is comparatively simple, and 
has been well studied. Unfortunately many of the results are very 
unpractical. 

As regards the other class of motions, the first great step was 
taken in 1858, by Helmholtz, who gave the theory of the vortex- 
ring. In a perfect fluid a vortex-ring lias a certain permanence and 
individuality, which so much impressed Kelvin that he made it the 
foundation of a speculation as to the nature of matter. To him 
we owe also many further developments in pure theory. 

On the experimental side, the first description of vortex-rings 
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that I have come across is that by W. B. Rogers,* who instances 
their production during the bursting of bubbles of phosphuretted 
hydrogen, or the escape of smoke from cannon and from the lips of 
expert tobacconists. For private observation notliing is simpler than 
Helmlioltz’s method of drawing a partially immersed spoon along 
the surface, for example, of a cup of tea. Here half a ring onl} is 
developed, and the places where it meets the surface are shown as 
dimples, indicative of diminished pressure. The experiment, made 
on a larger scale, is now projected upon the screen, the surface of tlie 
liquid and its motion being made more evident l)y powder of lyco- 
podium or sulphur scattered over it. In this case the ring is generated 
by the motion of a half-immersed circular disk, withdrawn after a 
travel of two or three inches. In a modified experiment the disk is 
replaced by a circular or semi-circular aperture cut in a larger plate, 
the level of the water coinciding with the horizontal diameter of the 
aperture. It may be noticed that while the first forward motion of 
the plate occasions a ring behind, the stoppage of the plate gives rise 
to a second ring in front. As was observed by Reusch,! the same 
thing occurs in the more usual method of jirojecting smoke-rings from 
a box ; biit-iT? order to see it the box must be transparent. 

In a lecture given here in 1877, Reynolds showed that a Helm- 
holtz ring can push the parent disk before it, so that for a time 
there appears to be little resistance in its motion. 

For an explanation of the origin of these rings v\e must appeal to 
friction, tor in a perfect fluid no roUtion can develop. It is easy to 
recognize that friction against the wall in which the aperture is perfor- 
ated, or against the face of the disk in the other form of experiment, 
will start a rotation which, in a viscous fluid, such as air or water 
actually is, propagates itself to a finite distance inwards. But although 
a general explanation is easy, many of the details remain obscure. 

It is apparent that in dealing with a large and interesting class 
of fluid motions we cannot go far without including fluid friction, or 
viscosity as it is genemlly called, in order to distinguish it from the 
very different sort of friction encountered by solids, unless well lubri- 
cated. In order to define it, we may consider the simplest case 
where fluid is included between two parallel walls, at unit distance 
a^rt, which move steadily, each in its own plane, with velocities 
wnich differ by unity. On the supposition that the fluid also mo\ es 
in plane strata, the viscosity is measured by the tangential force per 
unit of area exercised by each stratum upon its neighbours When 
we are concerned with internal motions only, we have to do rather with 
the so-called “ kinematic viscosity,” found by dividing the quantity 
above defined by the density of the fluid. On this system the 
viscosity of water is much less than that of air. 


• Amer. J. Soi., vol. xxvi. p. 246, 1858. 
t Pogg. Ann., vol. cx. p. 309, 18(30. 
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Viscosity varies with temperature ; and it is well to remember 
that the viscosity of air increases while that of water decreases as the 
temperature rises. Also tliat the viscosity of water may be greatly 
increased by admixture with alcohol. I used these methods in 1879 
during investigations respecting the influence of viscosity upon the 
behaviour of such fluid jets as are sensitive to sound and vibration. 

Experimentally the simplest case of motion in which viscosity is 
paramount is the flow of fluid through capillary tubes. The laws of 
such motion are simple, and were well investigated by Poiseuille. 
This is the method employed in practice to determine viscosities. 
The apparatus before you is arranged to show the diminution of vis- 
cosity with rising temperature. In the cold the flow of water through 
the capillary tube is slow, and it requires sixty seconds to All a small 
measuring vessel. When, however, the tul^ is heated by passing 
steam through the jacket surrounding it, the flow under the same 
head is much increased, and the measure is filled in twenty-six seconds. 
Another case of great practical importance, where viscosity is the lead- 
ing consideration, relates to lubrication. In admirably conducted 
experiments Tower showed that the solid surfaces moving over one 
another should be separated by a complete film of oil, and that when 
this is attended to there is no wear. On this basis a fairly complete 
theory of lubrication has been developed, mainly by 0. Reynolds. But 
the capillary nature of the fluid also enters to some extent, and it is 
not yet certain that the whole character of a lubricant can be expressed 
even in terms of both surface tension and viscosity. 

It appears that in the extreme cases, when viscosity can be 
neglected and again when it is paramount, we are able to give a 
pretty good account of what |)a88es. It is in the mtermediate 
region, where both inertia and viscosity are of influence, that the 
difficulty is greatest.. But even here wc are not wholly without 
guidance. There is a general law, called the law of dynamical 
similarity, which is often of great service. In the past this law' has 
been unaccountably neglected, and not only in the present field. It 
allows us to infer what will happen upon one scale of operations 
from what has been observed at another. On the present occasion I 
must limit myself to viscous fluids, for which the law of similarity 
was laid down in all its completeness by Stokes as long ago as 1850. 
It appears that similar motions may take place provided a certain 
condition be satisfied, viz. that the product of the linear dimension 
and the velocity, divided by the kinematic viscosity of the fluid, 
remain unchanged. Geometrical similarity is pre-supposed. An 
example will make this clearer. If we are dealing with h single 
fluid, say air under given conditions, the kinematic viscosity, remains 
of course the same. When a solid sphere moves uniformly through 
air, the character of the motion of the fluid round it may depend 
upon the size of the 8i)herc and upon the velocity with which it 
travels. But we may infer that the motions remain similar^ if only 
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the product of diameter and velocity be given. Thus, if we know 
the motion for a particular diameter and velocity of the sphere, we 
■can infer what it will be when the velocity is halved and the diameter 
doubled. The fluid velocities also will everywhere be halved at the 
corresponding places. M. Eiffel found that for any sphere there is a 
velocity which may be regarded as critical, i.e. a velocity at which 
the law of resistance changes its character somewhat suddenly. It 
follows from the rule that these critical velocities should l)e inversely 
proportional to the diameters of the spheres, a conclusion in pretty 
good agreement with M. Eiffel’s observations.* But the principle is 
at least equally important in effecting a comparison between different 
fluids. If we know what happens on a certain scale and at a certain 
velocity in ivater^ we can infer what will happen in air on any other 
scale, provided the velocity is chosen suitably. It is assumed here 
that the compressibility of the air does not come into account, an 
assumption which is admissible so long as the velocities are small in 
comparison with that of sound. 

But although the principle of similarity is well established on the 
theoretical side and lias met with some confirmation in experiment, 
there has hv-eu unirh. hesitation in applying it, due perhaps to certain 
discrepancies with observation w’hich stand recorded. And there is 
another reason. It is rather difficult to understand how viscosity 
can play so large a part as it seems to do, especially when we intro- 
duce numbers, which make it appear that the viscosity of air, or 
water, is very small in relation to the other data occurring in 
practice. In order to remove these doubts it is very desirable to 
experiment with different viscosities, hut this is not easy to do on a 
moderately large scale, as in the wind channels used for aeronautical 
purposes. I am therefore desirous of bringing before you some 
observations that I have recently made with very simple apparatus. 

When liquid flows from one reservoir to another through a 
channel in which there is a contracted place, we can compare what 
we may call the head or driving pressure, i.e. the difference of the 
pressures in the two reservoirs, with the sxiction, i.e. the difference 
between the pressure in the recipient vessel and that lesaer pressure 
to be found at the narrow place. The ratio of head to suction is a 
purely numerical quantity, and according to the principle of similarity 
it should for a given channel remain unchanged, provided the 
velocity be taken proportional to the kinematic viscosity of the 
fluid. The use of the same material channel throughout has the 
advantage that no question can arise as to geometrical similarity, 
which in principle should extend to any roughnesses upon the surface, 
while the necessary changes of velocity are easily attained by altering 
the head and those of viscosity by altering the temperature. 


* Comptes Rendus, Doo. 30, 1912 ; Jan. 13, 1913. 
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The apparatus consisted of two aspirator bottles (Fig. 10) con- 
taining water and connected below by a passage bored in a cylinder 
of lead, 7 cm. long, fitted water-tight with rubber corks. The form 
of channel’ actually employed is shown in Fig. 11. On the up- 
stream side it contracts pretty suddenly from full bore (8 mm.) to- 
the narrowest place, where the diameter is 2*75 mm. On the down- 
stream side the expansion takes place in four or five steps, corre- 
sponding to the drills available. It had at first been intended to 
use a smooth curve, but preliminary trials showed that this was 
unnecessary, and the expansion by steps has the advantage of bringing 
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before the mind the dragging action of the jets upon the thin layers 
of fluid between them and the walls. The three pressures concerned 
are indicated on manometer tubes as shown, and the two differences 
of level representing head and suction can be taken off with com- 
passes and referred to a millimetre scale. In starting an observation 
the water is drawn up in the discharge vessel, as far as may be 
required, with the aid of an air-pump. The rubber cork at the top 
of the discharge Vessel necessary for this purpose is not shoWn. 

As the he^ falls during the flow of the water, the ratio of head 
to suction increases. For most of the observations I contented 
myself with recording the head for which the ratio of head to- 
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auction was exactly 2 : 1 , as indicated by proportional compasses. 
Thus on January 23, when the temperature of the water was 9‘'C., 
the 2 : 1 ratio occurred on four trials at 120, 130, 123, 126, mean 
125 mm. head. The temperature was then raised with precaution 
by pouring in warm water with passages backwards and forwards. 
The occurrence of the 2:1 ratio was now much retarded, the mean 
head being only 35 mm., corresponding to a mean temperature of 
37° 0. The ratio of head to suction is thus dependent upon the 
head or velocity, but when the velocity is altered the original ratio 
may be recovered if at the same time we make a suitable alteration 
of viscosity. 

And the required alteration of viscosity is about what might have 
been expected. From Landolt’s tables I tiiul that for 9° C. the 
viscosity of water is ‘OISBH, while for 37“ (\ it is *00704. The 
ratio of viscosities is accordingly 1*943. The ratio of heads is 
125 : 35. The ratio of velocities is the square-root of this or 1 * 890, 
in sufficiently good agreement with the ratio of viscosities. 
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In some other trials the ratio of heads exceeded a little the ratio of 
viscosities. It is not pretended that the method would be an accurate 
one for the comparison of viscosities. The change in the ratio of 
head to suction is rather slow, and the measurement is usually some- 
what prejudiced by unsteadiness in the suction manometer. Possibly 
better results would be obtained in more elaborate observations by 
several persons, the liead and suction being recorded separately and 
referred to a time scale so tis to facilittite interpolation. But as they 
stand the results suffice for my purpo.se, showing directly and con- 
clusively the influence of viscosity as compensating a change in the 
velocity. 

In conclusion, I must touch briefly upon a part of the subject 
whore theory is still at fault, and I will limit myself to the simplest 
cjise of all — the uniform shearing motion of a viscous fluid between 
two parallel walls, one of which is at rest, while the other moves 
tangentially with uniform velocity. It is easy to prove that a 
uniform shearing motion of the fluid satisfies the dynamical e(|ua- 
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tions, but the question remains : Is this motion stiible ? Does a 
small departure from the simple motion tend of itself to die out ? 
In the case where the viscosity is relatively great, observation 
suggests an affirmative answer ; and O. Reynolds, whose illness and 
comparatively early death were so great a loss to science, was able to 
deduce the same conclusion from theory. Reynolds’ method has 
been improved, more especially by Professor Orr of Dublin. The 
simple motion is thoroughly stable if the viscosity exceed a certain 
specified value relative to the velocity of the moving plane and the 
distance between the planes ; while if the viscosity is less than this, 
it is possible to propose a kind of departure from the original motion 
which will increase for a time. It is on this side of the question that 
there is a deficiency. When the viscosity is very small, observation 
appears to show that the simple motion is unstable, and we ought to 
be able to derive this result from theory. But even if we omit 
viscosity altogether, it does not appear possible to prove instability 
a priori, at least so long as we regard the walls as mathematically 
plane. We must confess that at the present \ve are unable to 
give a satisfactory account of skin-friction, in order to overcome 
which millions of horse-power are expended in our ships. Even in 
the older subjects there are plenty of problems left ! 

[R.] 
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X-Rays and Crystalline Structure. 

Two years have gone l)y since Dr. Lane made his surprising dis- 
cM»very of the interference effects accompanying the passage of X-rays 
through crystals. The pioneer experiment has opened the way for 
many others, and a very large amount of work, theoretical and 
practical, has now l)een done. As the preliminary exploration of 
the new countiv has proceeded, our first estimate of its resources 
has grown continuously ; we have learned many things which helpus 
to a better understanding of phenomena already familiar, and we 
have seen avenues of enquiry open out before us wfiich as yet there 
has been little time to follow. The work is full of opportunities 
lor exact quantitative measurement, where precision is sure to bring 
its due reward. There is enough work in sight to absorb the ener- 
gies of many experimenters, and there is sure to be far mure than 
we can see. When w^e consider the wideness of the new field, the 
ipiality and quantity of the work to be done in it, and the import- 
. nee of the issues, we are scarcely guilty of over-statement if we 
say that Lane’s experiment has led to the development of a new science. 

The experiment itself— to put it very briefly — constitutes a proof 
that X-rays consist of extremely short tiher waves. In order to 
appreciate the value of this demonstration, we must bear in mind 
the present conditions of our knowledge of the laws of radiation in 
general. Let us consider very shortly how the whole matter stood 
when the new work was begun. 

When X rays were first discovered eighteen vears ago it was 
soon pointed out that they might consist of eloctro-mugnetic dis- 
turbance of the ether analogous to iho^e supposed to constitute light. 
It was true that tlie new rays seemed to be incapable of reflection, 
relraction, diffraction, and interference, which were familiar optical 
phenomena. But it was pointed out by Schuster* that these defects 
could be explained as natural consequences of an extremely small 
wave-length. Tin* positive evidence consisted mainly in the kiiovv- 
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ledge that the impact of the electroua on the anti-cathode of the 
X-ray bulb ought to be the occasion of electro-magnetic waves of 
some sort, and in the discovery by Barkla that the X-rays could be 
polarized, which lasSt is a property also of light. 

As experimental evidence accumulated, a number of results were 
found which the electro-magnetic theory was unable to explain, at 
least in a direct and simple manner. They were mainly concerned 
with the transference of energy from place to place. In some way 
or other the swiftly moving electron of the X-ray bulb transfers its 
energy to the X-ray, and the X-ray in its turn communicates 
approximately the same quantity of energy to the electron which 
originates from matter lying in the track of the X-ray, and which 
is apparently the direct cause of all X-ray effects. Experiment 
seemed to indicate that X-ray energy travelled as a stream of separate 
entities or quanta, the energy of the quantum differing according to 
the quahty of the X-ray. It looked at one time as if it might be 
the simplest plan to deny the identity in nature of X-rays and light, 
to describe the former as a corpuscular radiation and the latter 
as a wave motion. Otherwise, it seemed that the electro-magnetic 
hypothesis would be torn to pieces in the effort to hold all the facts 
together. 

But it appeared on a close examination of light phenomena also, 
though in much less obvious fashion, that the very same effects 
occurred which in the case of X-rays were so difficult to explain from an 
orthodox point of view. In the end it became less difficult to deny the 
completeness of the orthodox theory than the identity in nature of 
light and X-rays. Modern work on the distribution ^f energy in 
the spectrum, and the dependence of specific heat upon temperature, 
has also led independently to the same point of view. It has been 
urged with grejit force by Planck, Einstein, and others that radiated 
energy is actually transferred in definite units or quantii, and not 
continuously ; as if we had to conceive of atoms of energy as well 
as of atoms of matter. Let it be admitted at once that the quantum 
theory and the orthodox theory appear to stand in irreconcilable 
opposition. Each by itself correlates great series of facts ; but they 
do not correlate the same series. In some way or other the greater 
theory must be found, of which each is a partial expression. 

The new discovery does not solve our difficulty at once, but it 
does two very important things. In the first place, it shows that the 
X-rays and light are identical in nature ; in fact, it removes every 
difference except in respect to wave-length. The question as to the 
exact place where the difficulty lies is decided for us ; we are set the 
task of discovering how a continuous wave motion, in a continuous 
medium, can lie reconciled with discontinuous transferences of radia- 
tion energy. Some solution there must be to this problem. The 
second important thing is that the new methods will surely help us 
on the way to find that solution. We can now examine the X-rays as 
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critically as we have been able to study light, by means of the spectro- 
meter. The wave-length of the X-ray has emerged as a measurable 
quantity. The complete range of electromagnetic radiations now lies 
l)efore us. At one end are the long waves of wireless telegraphy, in 
the middle arc first the waves of the infra-red detected by their heat- 
ing effects, then the light waves, and then the short waves of the 
ultra-violet. At the other end are the extremely short waves that 
belong to X-radiatiori. In the comparative study of the properties 
of radiation over this very wide range we must surely find the answer 
to the great(‘st (luestion of jiiodern physics 

So much for the general qu(‘8tioii. Let ns now consider the pro- 
cedure of the new investigations, and afterwards one or two applica- 
tions to special lines of enquiry. 

The experiment due to Lane and his collaborators Friedrich 
and Knipping has already been described in this lecture room and is 
now well-known. A fine pencil of X-rays passes through a thin 
crystal slip and impresses itself on a photographic plate. Round the 
central spot arc found a large number of other spots, arranged in 
a symmetrical fashion, their arrangement clearly de])ending on the 
crystal striu'tfiix. Lane had anticipated some such effect as the 
result of diffraction by the atoms of the crystal. His mathematical 
analysis is too complicated to be described now, and indeed it is not 
ill any circuinsttinces easy to handle. It will be better to pass on at 
once to a very sinqile method of ap[)rehending the effect which was 
put forw^ard soon after the publication of Laue's first results. 1 
must run the risk of seeming to be partial if J ])oint out the import- 
ance of this advance, which was made by my son W. Lawrence Bragg. 
All the recent investigations of X-ray spectra and the examination of 
crystal structure and of molecular motions which have been carried 
out since tlnm have been rendered possible by the easy grasp of the 
subject which resulted from the simpler conception. 

Let us imagine that a succession of waves constituting X-radiation 
falls upon a plane containing atoms, and that each atom is the cause 
of a secoudary wavelet. In a well-known manner, the secondary 
wavelets link themselves together and form a reflected wave. Just so 
a sound w’ave may be reflected by a row of paling'i, and very short 
sound waves by the fibres of a sheet of muslin. 

Suppose a second plane of atoms to lie behind the first and to lie 
pirallel to it. The primary wave, weakened somew'hat by passing 
through the til’s! plane, is again partially reflected by the second. 
When the tw'o reflected pencils join it will be of great importance 
whether they fit crest to crest and hollow to hollow, or whether they 
tend to destroy each other’s effect. If more reflecting planes are 
supposed, the importance of a good fit becomes greater and greater. 
If the number is very large, then, as happens in many parallel cases in 
optics, the reflected waves practically annul each other unless the 
fit is perfect. 
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It is easily seen that the question of fit depends on how much 
distance a wave reflected at one plane loses in comparison with the 
wave which vas reflected at the preceding plane : the fit will he 
perfect if the loss amounts to one, two, tliree, or more wave-lengths 
exactly. In its turn the distance lost depends on the spacing of the 
planes, that is to say, the distance from jdane to plane, on the wave- 
length and on the angle at which the rays meet the set of planes. 

The question is formally not a new one. Many years ago Lord 
Rayleigh discussed it in this room, illustrating his point by aid of a 
set of muslin sheets stretched on parallel frames. The short sound 
waves of a high-pitched bird-call were reflected from the set of frames 
and affected a sensitive flame ; and he showed how the spacing of 
the planes must be carefully adjusted to the proper value in relation 
to the length of wave and the angle of incidence. Rayleigh used the 
illustration to explain the beautiful colours of cidorate of potash 
crystals. He ascribed them to the reflection of light by a series of 
parallel and regularly spaced twinning planes within the crystaU 
the distance between successive planes bearing roughly the same 
proportion to the length of the reflected wave of light as the distance 
between the muslin sheets to the length of the wave of sound. 

Our present phenomenon is exactly the same thing on a minute 
scale : thousands of times smaller than in the case of light, and 
many millions of times smaller than in the case of sound. 

By the kindness of Prof. R. AV. Wood 1 am able to show vou some 
fine examples of the chlorate of potash crystals. If white light is 
allowed to fall upon one of them, the whole of it is not reflected. Only 
that part is reflected which has a definite wave-length or something 
very near to it, and the reflected my is therefore htghly coloured. 
The wave-length is defined by the relation already refem d to. If 
the angle of incidence is altered, the wave-length which can be 
reflected is altered, and so the colour changes. 

It is not difficult to see the analogy between these cases and the 
reflection of X-rays by a crystal. Suppose, for example, that a pencil 
of homogeneous X-rays meets the cube face of such a crystal as rock- 
salt. The atoms of the crystal can be taken to be arranged in planes 
parallel to that face, and regularly spaced. If the rays meet the face 
at the proper angle, and only at the proper angle, there is a reflected 
pencil. It is to l)e remembered that the reflection is caused by the 
joint action of a series of planes, which, in this aise, are pamllel to 
the face ; it is not a reflection by the face itself. The faoe need not 
even be cut truly : it may be unpolished oi* deliberately roughened. 
The reflection takes place in the body of the crysttil, and tlio condition 
of the surface is of little account. 

The allotroyent of the atoms to a series ]daiie.^ pamllel to the 
surface is not of course the only one possible. For exarftple, in tlie 
case of a cubic crystal, pamllel planes containing all the atoms of 
the crystal may also l>e drawn perpendicular to a face diagonal of the 
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cube, or to a cube diagonal, or in many other ways. We may cut 
the crystal so as to show a face parallel to any series, and then place 
the crystal so that reflection occurs, but the angle of incidence will 
be different in each case since the spacings are different. It is not 
necessary to cut the crystal except for convenience. If wave-length, 
spacing, and angle between ray and plane are rightly adjusted to 
each other, reflection will take place in the crystal independently of 
any surface arrangement. 

This is the “ reflection ” method of explaining the Laue photo- 
graph. W. L. Bragg showed in the first place that it was legitimate, 
and the second that it was able to explain in the position of all 
the spots which Laue found upon his photographs. The different 
spots are reflections in different series of planes which may be drawn 
to contain the atoms of the crystal. The simpler conception led at 
once to a simpler procedure. It led to the construction of the X-ray 
spectrometer, which resembles an ordinary spectrometer in general 
form, except that the grating or prism is replaced bv a crystal and 
the telescope by an ionization chamber and an electroscope. In use 
a fine pencil of X-niys is directed upon the crystal, which is steadily 
turned until a leliection leaps out ; and the angle of reflection is then 
measured. If we use different crystals or different faces of the same 
crystal, but keep the ra\s the same, we can compare the geometrical 
spaiiings of the various sets of planes. If w’e use the same crystal 
alw<iy> but vary the source of X-ra>s, w’e can analyse the latter, 
measuring the relative wave-lengths of the various constituents of 
the radiation. 

We have thus accjuired a double power : — 1. We can compare the 
intervals of spac'ing of the atoms of a crystal or of different crystiils, 
along various directions within the crystal ; in this way we can arrive 
at tile structure of the crystal. *2. We can analyse the radiation of 
an X-ray bulb. In fact, we are in the siime position as wo should 
have been in respect to light if our only means of analysing light had 
been by the use of cukmred glasses, and we had then been presented 
with a sjiectrometer, or some other means of measuring wave-length 
cxactlv. 

We now come to a criticu.1 point. If we knew' the exact spicings 
of the planes of some one crystal, we could now' by comparison find 
the s]iacings of all other crystals, and measure the wave-length of all 
X-riMliations ; or if we knew the exact value of some one w’avc-length, 
wc could And by comparison the v'alues of all other w'avc-lengths, 
and determine the spacings of all crystals. Bnt as yet we have no 
absolute value cither of wave-length or of spacings. 

The difficulty ap]>cars to have been overcome by W. L. Bragg’s 
comparison of the reflecting effect in the case of rocksalt or si>diura 
chloride, and sylvine or potassium chloride. These two crystals are 
known to be “ isomorphous ” : they must possess similar arrangements 
of atoms. Yet they display a striking difference both in the I-aue 
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pliotograph aud on the spectrometer. The reflections from the 
various series of planes of the latter crystal show spacings (*onsonant 
with an arrangement in the simplest cubical array, of which the 
smallest element is a cube at eimh corner of which is placed th(‘ same 
group, a single atom or molecule, or group of atoms or molecules. 
In the case of rocksalt, the indications are that the crystal possesses 
a stmeture intermediate between the very simple arrangement just 
described and one in which the smallest element is a cube having a 
similar group of atoms or molecules at every corner and at the middle 
point of each face. The arrangement is called by crystallographers 
the face-centred cube. The substitution of the sodium for the 
potiussium atom must transform one arrangement into tin* other. 
This can be done in the following way, if we accept various indica- 
tions that atoms of equal Aveight ai*c to ))e treated as eriuivalent. 
Imagine an elementary cube of the crystal ])4ittern to ha\'c* an atom 
of chlorine at every corner and in the middle of each face, and an 
atom of sodium or pohissium as the case may l>e, at the middle point 
of each edge and at the centre of the cube. We have now an arrange- 
ment w^hich fits the facts exactly. The weights of tlie potiissium and 
chlorine atoms are so nearly the sjimetis to bt* practicidly ecpiivalent, 
aud when they are considered to be so, the arrangement b(*comes the 
simple cube of sylvine. But wdieii the lighter sodium replaces the 
potassium as in rocksalt the arrangement is on its way to be that of 
the face-centred cube, and would actually become so were the weight 
(if the sodium atoms negligible in comparison with those of chhjrine. 
Of course the same result would follow^ Avere two or three, or any 
number of atoms of each sort to take the jdace of t\\^ single atom, 
provided the same increase were inad(* in tin* number of the atoms of 
both sorts. We might even imagine two sorts of groups of chlorine 
and metal atoms, oile containing a ])reponderance of the former, the 
other of the latter, but so that tAvo groups, one of each kind, contain 
between th(*m the s«iine proportion of (;hlorine and m(‘Utl as the 
crvstal does. We must merely lam* tAVo groups which tlilfer in 
weight in the case of rocksalt, and are approximately eijual in w(‘ight 
in the aise of sylvine. But it was best to take tin* simplest sii]>posi- 
tion at the outset : and now the evidence that the right anangement 
has been chosen is groAving as fresh crystals are measured. Kor it 
turns out that in all crystals so far investigated, the number of atoms 
at each point must always be the same. Why, then, should it be 
nane than one f Or in other words if atoms are always found in 
groups of a certain number, ought not that group to be chIIihI the 
atom ? 

As soon as tlie structure of a cryhtal has been found w<‘ can at 
once find by simple arithmetic tlie scale on Avhieh it is built. For 
we know from other sources the weight of individual atottis, and we 
know the total weight of the atoms in a cubic centimetre of the 
crystal. In this way we find that the nearest distance between two 
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atoms in rocksalt is 2*81 x 10"® cm., which distance is also the 
spacing of the planes parallel to a cube face. From a knowledge 
of this quantity the length of any X-ray wave can be calculated at 
once as soon as the angle of its reflection by the cube face has been 
measured. In other words, the spectrometer has now become a means 
of ineasuring the length of waves of any X-radiation, and the actual 
spacings of the atoms of any crystal. 

From this point the work branches out in several directions. It 
will not be possible to give more than one or two illustrations of the 
progress along each branch. 

Let us first take up the most interesting and important question 
of the “ characteristic ” X-rays. It is known that every substance 
when bombarded by electrons of sufficiently high velocity emits 
X-rays of a quality characteristic of the substance. The interest of 
this comparison lies in the fact that it displays the most fundamental 
properties of the atom. The rays which each atom emits are charac- 
teristic of its very innermost stmcture- The physical conditions of 
the atoms of a substance and their chemical associations are largely 
matters of the exterior : but the X-rays come from the interior of 
the atoms, aTid give us information of an intimate kind. What we 
find is marked by all the simplicity we should expect to be associated 
with something so fundamental. 

All the substances of atomic >v eight between about 30 and 120 
give two strongly defined ‘‘lines” ; that is to say, there are found 
among the general heterogeneous radiation two intense almost homo- 
geneous sets of waves. For instance, rliodium gives two pencils of 
wave-lengths, approximately equal to 0’61 x 10“^ cm. and 
O' 54 X lO”® cm. respectively. More exactly the former of these 
is a close doublet having wave-lengths O' 619 X 10”® and 
0 ' 614 X 10"®. The wave-lengths of palladium are nearly 0 ' 58 x 10“® 
and0'51xl0"® ; nickel 1’66 x lO-*^ and l'50xl0”®. Lately 
Moseley has made a comparative study of the spectra of the great 
majority of the known elements, and has shown that the tuo-line 
spectrum is characteristic of ail the substances whose atomic weights 
range from that of aluminium, 27, to that of silver, 108. These X-rays 
constitute, there is no doubt whatever, the characteristic rays which 
Barkla long ago showed to be emitted by this series of substtinces. 

Now comes a very interesting point. When Moseley sets the in- 
creasing atomic weights against the corresponding decretising wave- 
lengths, the changes do not run exactly pai'allel with each other. But 
if the wave-lengths are compared with a series of natural numbers 
everything runs smoothly. In fact it is obvious that the steady de- 
crease in the wave-length as we pass from atom to atom of the series 
in the periodic hible implies that some fundamental element of atomic 
structure is altering by equal steps. Then* is excellent reason to 
believe that the change consists in successive additions of the unit 
electric charge to the nucleus of the atom. We are led to think of 
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the magnitude of the nucleus of any element as being simply propor- 
tional to the number indicating the place of the element in the 
periodic table, hydrogen having a nuclear change of one unit, helium 
two, and so on. The atomic weights of the successive elements do 
not increase in an orderly way ; they mount by steps of about two, 
but not very regularly, and sometimes they seem absolutely to get 
into the wrong order. For example, nickel has an atomic weight of 
5b • 7, whereas certain chemiciil properties and still niore its behaviour 
in experiments on radio-activity indiciite that it should lie between 
cobalt (59) and copper (68 • 6). But the wave-lengths, which are now 
our means of comparison, diminish with absolute steadiness in the 
order cobalt, nickel, copper. Plainly, the atomic number is a moie 
fundamental index of quality than the atomic weight. 

It is very interesting to find, in the series arranged in this way, four, 
and only four, gaps which remain to be filled by elements yet un- 
discovered. 

Let us now glance at another and most important side of the 
recent work, the determination of crystalline structure. We have 
already referred to the case of the rocksalt series, but w'c may look at 
it a little more closely in order to show^ the procedure of crystal 
analysis. 

The reflection of a f)encil of homogeneous rays by a set of crystal- 
line planes occui*s, as alreiidy said, at a scries of angles regularly 
increasing ; giving, as we say, spectra of the first, second, third 
orders, and so on. When the planes are all exactly alike and equally 
spaced the intensities of the spectra decrease rapidly as we proceed to 
higher ordei-s, according to a law not yet fully explained. This is, for 
example, the case with the three iiiost important setb'*bf planes of 
sylviiie, those perpendicular to the cube edge, the face diagonal, and 
the cube diagonal respectively. An examination of the arrangement 
of the atoms in the simple cubical array of sylvine shows that for all 
these sets the planes are evenly spaced and similar to each other. 
It is to be remembered that the potassium atom and the chlorine 
atom arc so nearly equal in w^eight that they may be considered 
effectively equal. In the case of rocksalt the same may be said of the 
first two sets of planes, but not of the third. The planes perj)en- 
dicular to the cube diagonal are all equally spaced, but they are not 
all of equal effect. They contain alternately, chlorine atoms (atomic 
weight 35*5) only and sodium atoms (atomic weight 28) only. The 
effect of this irregularity on the intensities of the spectra of different 
orders is to enhance the second, fourth, and so on in comparison with 
the first, third, and fifth. The analogous effect in the case of light is 
given by a grating in which the lines are alternately light and heavy. 
A grating specially ruled for us at the National Physical laboratory 
shows this effect very w^ell. This difference between rocksalt and 
sylvine and its explanation in this way constituted an important link 
in W, Lawrence Bragg’s argument as to their structure. 
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When, therefore, we are observin'^ the reflections in the different 
faces of II crystal in order to obtain data for the determination of its 
structure, we have more than the values of the angles of reflection 
to help ns ; we have alho \arialions of the relative intensities of the 
spectra. In the case just des(a-il)(‘d we have an example of the 
effect produced by want of similarity between the planes, which are, 
however, uniformly s])aced. 

In tiu* diamond, on the otluT hand, we liave an example of an 
effect due to a peculiar anauirement of ])lanes wliich are otherwise 
similar. The diamond crystallizes in th(‘ form of a tetrahedron. 
When any of tlie fouj* faces of such a figure is used to reflect X-rays, 
it is fouiul that th(‘ second order spectrum is missing. The analogous 
optical etfeet can bt* obtaiiUHl by ruling a grating so that, a.^ com- 
pared with a r(‘gidar grating of the usual kind, the first and second, 
fifth and sixth, ninth and tcmth alone arc* drawn. ])ut it another 
wav, two arc‘ drawn, two left out, two drawji, two left out, and so 
on. The National riiysical Laboratory has ruled a special grating 
of this kind also torus, and the effect is ohxious. The corresponding 
inference in the case of the diamond is that the planes parallel to 
any tetrahc^drar tucc. ar(‘ spac(‘d in the same way as the lines of the 
grating. Every plane is tlin‘c‘ times as far from its neighbour on 
one side as from its neighbour on the other. TIutc is only one waj 
to arrange the carbon atoms cd the crystal so that this may be true. 
Every atom is at the centre of a regular tetrahedrem composed of its 
four nearest neighbours, an arraugemeut best lealized by the aid of 
a mod(‘l. It is a beautifully simple and uniform aiTangcment, and 
it is no matter of surjirise that the symmetry of the diamond is of 
so high an order. rerba}>s we may see also, in the perfect symmetry 
and consccpient effectiveness of the forces which bind each atom to 
its place, an explanation of the hardness of the crystal. 

Here, then, we have an example of the way in which peculiarities 
of spacing can be detected. There are other crystals in which want 
of uniformity both in the spaeings and in the effective value of the 
]>lanes combine to give cases still more complicated. Of these are 
iron pyrites, caicitc, quartz, and many others. It W’ould take too 
long to (‘X])lain in detail the method by which the structures of a 
large number of cryshds have already been determined. Yet the 
work done already is only a fragment of the whole, and it will take 
no doubt many years, even though our methods improve as we 
go on, before the structures of the most complicated crystals are 
satisfactorily determined. 

On this side, then, we see the beginning of a new crystallography 
which, though it draws freely on the knowledge of the old, yet builds 
on a firmer foundation since it concerns itself with the actual arrange- 
ment of the atoms rather than the outward form of the crystal itself. 
We can compare with the internal arrangements we have now dis- 
covered the external forms which crystals assume in growth, and the 
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modes in which they tend to come apart under the action of solvents 
and otlier agents. By showing how atoms arrange and disarrange 
themselves under innumerable variations of circumstances we must 
gain knowledge of the nature and play of the forces that bind the 
atoms together. 

There is yet a third direction in which enquiry may be made, 
though as yet we are only at the beginning of it. In the section 
just considered we have thought of the atoTus as at rest. But they 
are actually in motion, and the position of an atom to which we have 
refen’ed so frequently must be an average position about which it is 
in constant movement. Since the atoms are never exactly in their 
places, the precision of the joint action on which the reflection effect 
dejiends suffers materially. The effect is greater the higher the 
order of the spectinim. When the crysUil under examination is con- 
tained within a suitable electric furnace and the atoms vibrate more 
violently through the rise of temperature, the intensities of all orders 
diminish, but those of higher order much more than those of lower. 
The effect was foreseen by the Dutch physicist Debije, and the amount 
of it was actually calculated by him on certiiin assumptions. I have 
found experimental results in general accord witli his formula. In 
passing it may be mentioned that as the crystal expands with rise of 
temperature the spacing lietween the planes in(Teascs and the angles 
of reflection diminish, an effect readily observed in practice. 

This part of the work gives information respecting the movements 
of the atoms from their places, the preceding respecting their average 
positions. It is sure, like the other, to be of much assistiince in tlie 
enquiry as to atomic end molecular forces, and as (TT the degree to 
which thermal energy is locked up in the atomic motions. 

This brief sketch of the progress of the new science in certain 
directions is all that is possible in the short time of a single lecture : 
but it may serve to give some idea of its fascination and possibilities. 

[W. H. B.] 
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Problems of Hydrogen and the Rare Gases. 

In the course of the Friday Evening Discourse of last year on “ Tlie 
Coining of Age of the Vacuum Flask ” attention was drawn to some 
low temperature determinations of the amount and distribution of 
liydrogen, heh\ 4 tu and neon in gases from various sources. This work 
has now been extended by the use of improved apparatus and methods 
of manipulation. To measure with accuracy the presence of a few' 
parts per million of one or other gases, either by volume or weight, 
diluted to such a large proportion in another, is not an easy problem. 
What a millionth part represents is shown in the model on the table. 
The framework encloses a cubicle space one metre in the side, in the 
centre of wdiich a cube of one centimetre in the side is suspended. 
The relative volumes of these cubes are as 1 to 1,000,000. When it 
is stated that the air contains less than one part in a million of 
hydrogen, this means less than one cubic centimetre per cubic metre. 
The values given last year were derived from metisurements of the 
l)artial pressure observed in a McLeod gauge, after the gases had 
been cooled to 20“ Abs, by the use of liquid hydrogen from an initial 
pressure of 700 min., or one atmosphere. The unit of pressure 
adopted to express the recorded results was 10~^ (itjooo) 
mercury pressure, and that mode of expressimr the experimental 
results w’ill be continued in this lecture. 

Comparative CoxnEXSARimTy of Gases ry Charcoal at 
Liquid Air and Liquid 1Iydro(;ex Te^aiperatures. 

The relative condensability by charcoal of the gases, air, hydrogen, 
and helium, can be shown by filling three similar sets of double 
tubes with samples of these gases. The two tubes of each set are 
filled with the particular gas at atmospheric pressure and the 
ordinary temperature, and dip into a little bottle of mercury. The 
tubes are bent twice at right angles and scaled up. Thus the closed 
end of either tube of each set can be cooled by immersion in a 
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vacuum vessel containing liquid air or hydrogen. A gramme of 
charcoal is placed in the sealed end of one tube in each pair. For 
convenience of pressure observations, a barometric tube is placed 
alongside each pair of tubes in the three separate little bottles of 
mercury. 

When the closed end of the air tube is cooled in liquid air, only 
a small contraction is observed, as shown by a slight rise of the 
mercury in the tube. If, however, the air tube which contains the 
charcoal is cooled all the air is thereby condensed, and the mercury 
quickly rises to the barometric height. Now take the pair of 
hydrogen tubes. As before, on cooling the tube without char- 
coal, only a slight contraction is shown, but when the charcoal 
tube is immersed in the liquid air, a quantity of the hydrogen is 
condensed in the charcoal, and the mercury rises in the tube. The 
height the mercury attains, however, is noticeably less than in the 
air-charcoal tube, showing the smaller condensability of hydrogen in 
the charcoal at liquid air temperature. When either of the helium 
tubes are cooled with liquid air, practically no condensation is shown. 

Now instead of liquid air, let us use liquid hydrogen, and cool 
first the air tube. Immediately the mercury rushes up to the baro- 
metric height, all the air being condensed into a solid of inappreciable 
tension of vapour, and the charcoal tube behaves in the same way. 
Now pass to the hydrogen tubes. When the plain gas tube is 
cooled, quite a noticeable contraction is visible, l)ecau8e the tempera- 
ture of liquid hydrogen is so low compared to hydrogen gas at the 
room temperature. Complete absorption is produced when the 
charcoal-hydrogen tube is cooled and the mercury ris^ to the baro- 
metric height. The hydrogen, at the temperature of its own boiling 
point, is completely aliorb^ in the charcoal. 

Now compare this with the set containing hehum. The helium 
tube when cooled behaves similarly to the plain hydrogen tube, but 
on cooling the charcoal tube, quite a large diminution of pressure is 
produced, showing that even helium is condensed to a considerable 
extent by charcoal at 20'’ absolute. As the charcoals warm up, the 
condensed gases are again expelled ; the helium very rapidly, the 
hydrogen somewhat more slowly, and the air after some few minutes. 

Apparatus employed for Measurements of Hydrogen and 
THE Rare Gases uncondensed at the Boiling Point of 
Hydrogen. (Plate 1.) 

In order to avoid indiarubber connections, vitiating the accuracy 
of the values of minute quantities of gas, the gas to be examined was 
contained in a flask A of suitable size, attached by a coned ground 
joint T. The gas was allowed to enter the exhausted apparatus by 
opening the cock B, which also served to connect to the pump for the 
preliminary exhausting of the whole ^paratus. To remove hydrogen 
and hydrocarbons the part between B and the measuring burette C 
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contained a roll of oxidised copper gauze tightly filling about 8 cm. 
of the centre of the tube. For safely heating this a thin tube of 
iron about 5 mm. greater in diameter was secured in position by 
asbestos wool packed in at the ends. A bent sheet of asbestos served 
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to further unify the heating, which was supplied by a small fan- 
shap^ buQsen flame, just not luminous. On either side of the 
oxidised copper the tube is bent into a U shape for cooling in liquid 
air, to condense any volatile hydrocarbons from the stopcock and the 
oxidised products from the action of the hot CuO on any combustible 
material in the gas sample. 

The exact measurement of samples small in volume is made by 
lowering the pressure to any convenient amount in the burette C, 
in which the gas collects during the purification by heated CuO. 
The burette opens below under the surface of mercury in a vessel D 
with a connection to the exhaust pump ; an exhausted tube E as 
barometer also opens into the mercury in the same vessel. From 
the difference of levels of the mercury in C and E the real volume 
of the gas sample at normal temperature and pressure can be deter- 
mined. After measuring the gas, the cock F is turned to connect to 
the main stopcock G, by which the gas is cautiously admitted to the 
cooling bulb H, and through this to the McLeod gauge ; G also con- 
nects by another way to the molecular pump, by which the cooled 
products can be highly exhausted. The bulb H is formed of tv^o con- 
centric tubes cm. and J cm. diameter respectively. The ii ’^er tube 
is continued up to connect to the gauge, while the connection to G 
is on the annular space ; by this means no gas can reach the gauge 
until it has passed through the cooled part of the bulb H immersed 
in the liquid hydrogen. 

When the charcoal and liquid air method is employed, 10 grams 
of charcoal arc placed in an enlarged part of the tube H, which is 
immersed in the liquid hydrogen. Lujuid air or liquid nitrogen or 
oxygen replaces the liquid hydrogen in the inner of the vacuum vessels 
J, the outer still containing liquid air, under exhaust if necessary. 

The volume of the cooling bulb and McLeod gauge up to the 
main • stopcock G was carefully determined. The volume of the gas 
sample admitted through G being also measured, the ratio of this to 
the total volume of the gauge and cooling tube is known, from 
which the partial pressure which would result if the gauge had been 
filled with the gas at atmospheric pressure could be deduced. 

This is given by observing the partial pressures with successive 
increasing volumes of gas occluded in the charcoal. Plate 2 expresses 
the results graphically. The partial pressures observed are ordinates, 
while the absciss® are the gas volumes admitted. The two lowest 
graphs, Nos. 1 and 2, show the values given when 10 grams of 
charcoal at the respective temperatures of IT Abs. (boiling liquid 
nitrogen) and 86“ Abs. (old liquid air, temperature controlled by 
oxygen vapour.tension thermometer; are employed as cooling agents. 
The volume of successive increments was 50 or 100 c.c. ; the 
volume of the apparatus was just over 850 c.c. ; therefore not until 
this volume haa been admitted does the recorded partial pressure 
correspond to 7C0 mm., or one atmosphere, in the gauge. This 
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is therefore so marked on the diagram, and the ordinate at this 
point can be scaled in parts per million volumes, the unit for this 
scale being equal to 7*6 x 10* mm. mercury pressure, which is 
one millionth of an atmosphere. The rise of pressure is at first 
linear in both cases, but after the admission of ;100 c.c. in the 
second case the graph begins to bend upwards, and the rate of 
this bending becomes greater with further increments, showing that 
the partial pressure of those constituents condensed by the charcoal, 
which up to now had been low, here begins to be appreciable as the 
concentration in the charcoal increases. The place at which this 
bending begins depends on the weight of charcoal employed and 
the mode in which it has been prepared. The two upper graphs, 
Nos. 3 and 4, are perfectly linear, which is characteristic of the 



Plate 2.— Proportions op Helium and Hydrogen in Aik. 
Comparison of the Use of Charcoal at Liquid Air Temperature with that 
of Liquid Hydrogen. 


results obtained when Injuid hydrogen is employed as condensing 
agent alone. No. 3 deals with ordinary air, and is thus comparable 
to the charcoal and liquid air results just discussed. No. 4 shows the 
values obtained when the oxygen is removed from the air, leaving 
only “air nitrogen.” The uncondensable portion is now relatively 
higher in the same volume, which should be the case if it remains 
unaffected by the oxygen absorption. 

The difference in the values recorded in No. 3 from those in 
Nos. 1 and 2 represents the amount of condensation of hydrogen and 
neon in the charcoal. This is confirmed by its being greater at^ the 
lower temperature of boiling nitrogen, No. 1, which lies below No. 2 
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obtained with liquid air, some 9 degrees higher. The approximation 
of No. 2 to No. 8 as the higher concentrations are reached is due to 
the rapidly increasing tension of neon and hydrogen in charcoal 
containing relatively large amounts of occluded nitrogen ‘uid 
oxygen. The disturbance in the equilibrium of the condensed C( n- 
stituents under these conditions is beginning to be appreciable. To 
illustrate the problems resulting from such a condition the following 
experiment is instructive : Two similar U-shaped bulbs charged with 
10 grms. of charcoal and provided with inlet and outlet stopcocks are 
cooled in liquid air and opened to the atmosphere of the room. One 
is simply allow’ed to saturate itself from the air, while the second has 
a slow current of dry air passed through it for some time after 
saturation. This having been done, both bulbs are warmed up by 
immersion in tepid water, and the gases so expelled are roughly 
tested by inserting a glowing splint of cedar-w^ood ; the gas issuing 
from the first bulb at once extinguishes the splint, whereas that 
coming from the second excites a brilliant combustion. Nitrogen 
is given off from the bulb which has been saturated by atmospheric 
air ; whereas oxygen principally results after the air cun-ent to whi(‘h 
the second charcoal was subjected. In the latter case the less volatile 
and more condensable oxygen has accumulated in the charcoal to a 
greater extent to that of nitrogen. The slow current of dry air has 
provided the opportunity for the equilibrium of the two gases 
occluded in the charcoal to lie established ; hut when air rushes in at 
atmospheric pressure, filling the pores of the charcoal in a small limited 
^paoe, the proportions of each gas present in the charcoal must h.ave 
substantially the composition of the ordinary air. Thus, on warming 
up each of these samples of charcoal w’hich liave been treated as abo\ e 
described, it is to anticipated that the one sample of charcoal wonld 
give gas containing excessive nitrogen and the other excessive oxygen. 

The alteration of the proportions of helium, neon and h\drogen 
in air when it has been equilibriated in charcoal at liquid air 
temperdture is given in the following table : — 


ALTFRATION of the PrOPORTIOKS of lii-LlUM, Nl 0> \M) H\DROGE^ l^ 
Occluded Air in Charcoal at LiguiD Air Tkmpfuaii ri . (Plato 3 ) 


Mateiial 

T'aits p<r Million A uluiius 

Helium and Neoa 

nydiogen 

City air 1 ( 

Country air / \ 

225 

22 8 

10-6 

0-5 

Oas occluded in charcoal after air current atl 

85 '^ Abs / 

Above repeated with compresbed air from steel i 
bottles . ) 

1-64 

1-63 

*6 1 

9-8 
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GaUTIEK’S ORSEnVAllONS OF 1901. 


City air 
Mountain air 
Sea air . 


Hjilrogeii 


200 

170 

190 


(Charcoal has less condensing power for the rare gases than for 
nitrogen ; so that if the proportion of nitrogen in the charcoal gases 
after a long air current at 85° Ahs. be lower than in ordinary air, we 
should expect the proportion of the rare gases to be still more greatly 
diminished. The values observed prove that this is so ; only 1‘64- 
parts per million of the rare gases helium and neon being present, 
instead of the 22 ‘5 ]»arts in ordinary air, and the total of the helium, 
neon and hydrogen is only 7*7, instead of 25*1. Although the 
proportion of livdrogcn is exceedingly small in air, yet it is quite 
appreciably condensed by charcoal at licpiid air teniperature, having 
been increased from 1*6 to 0*1 by such treatment. Its proportion 
has, in fact, been increased ton-fold, wdiile that of the helium and neon 
has been reduced to one-fourteenth, due to the charcoal having 
practically little power of absorption for these gases at liquid air 
temperatures. 

In a second experiment the air with which the charcoal was 
treated was taken from a steel bottle in which it had been first com- 
pressed : the amount of hydrogen in the evaporated product was 
then higher by one-half — 9 ‘ 8 instead of 6 * 1— although the neon and 
helium value was not sensibly different. The higher proportion of 
hydrogen is explicable by tlie chemical action of water on the iron 
storage receptacle, (lautier, in 1901, emjdoyed metallic tubing in 
his apparatus for measuring the amount of hydrogen present in air, 
with the result that he obtained a value as high as 200 i>arts per 
million with city air, the lowest amount being 170 in mountain air. 
This must have arisen from the chemical action on the metallic 
tubing producing hydrogen. On the subject of the relative dis- 
tribution of the atmospheric rare gases in thermal springs and air, 
Moureu, in 191tS, found that the ratio of any two of the gases 
present in air to the same pair in the gas from thermal springs is 
roughly constant except where helium is concerned. The table on 
the following page epitomises bis results. Krypton and xenon, as 
well as the more common argon, are less volatile than the ordinary 
atmospheric gases oxygen and nitrogen, whercRS helium is the most 
volatile known gas. 
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Moureu’s Experiments (1913). 

Comparison op Distribution op Bare Gases in Air and in 
Earth Gases. 


Gases from Thermal Springs 
and File Damp 

All 

Ratio 

K»yp‘£? divided by 

Argon 

Krypton 

Argon 

Roughly constant 

Xenon 

Xenon 


Argon 

Argon 

M 

Xenon 

Xenon 


Krypton ” 

Krypton 

»» 

Helium 

Helium 

Vanes enormously 

Argon " 

Argon 


The measures of such small quantities of gas, as are here being 
discussed, will, of course, be liable to errors from many causes, and the 
conditions of experimenting must therefore be modified in the search 
for possible variations. For this purpose the application of a high 
exhaust, such as that obtained by the use of tlie molecular pump, 
in conjunction with the cooling methods already described, has 
yielded some suggestive information. 

The manner in which such experiments can be carried out can he 
seen by referring back to Plate 1. The main stopcock B on the 
cooling bulb II there shown, besides the connection to the burette, 
can be turned on to the high exhaust of the molecular pump. By 
this means both the condensed products in the b«lb H and the 
uncondensable residue in the gauge are subjected to an exhaust of 
below 0- 00001 mm.; which is one-tenth of the unit of pressure 
employed to express the results; and approximately one t^^o- 
thotlsandth part of the partial pressure in the gauge of the uncon- 
densable fraction in air. The readings then obtained are shown in 
the next table : — 

Plate 4 —Occlusion at 20" Abs. of hie Uncondensablf i?rom Air 
in the Condensed Solid Niirooen and Oxyofn 



Partial Pressures (in 10 * mm ) left from 760 mm 

Material used 



- 

Cooling to 

20" Ahs. 

Exhaust of 

Raised to 15° C . 


3Iolecular Pump for 
10 min. at 20^ Abs. 

Recondensed at 

20° Abs 




(Anipiints occluded) 

Air . . .i . 

181 1 

0-11 

4 6 



[ 0 075 (1) 

1-5 (1) 

Air nitrogen 

218 

1 0-08 (2) 

1 0 075 (3) 

0-31 (2) 

010 (3) 



1 0-07 (4) 

0 11 (4) 
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Air and air nitrogen were the materials examined, as stated in th^ 
first column. As oxygen is absent in the second case, some idea of 
the effect of its presence can thus lie obtained. The second column 
gives the partial pressure of the residue of rare gases uncondcnsed at 
20® Abs. The next column shows the reduced pressure in the 
apparatus when the exhaust pump was connected, and continued in 
action for over 10 minutes, the uiicondensable residue being thereby 
removed down to the limit which the pump can maintain under the 
circumstances. The exhaust was then closed off, and the condensed 
material allowed to evaporate off into the apparatus, by lowering the 
liquid hydrogen vessel away from the bulb H until everything was at 
room temperature. The bulb was then again cooled by cautiously 
and slowly raising the vessel of liquid hydrogen to its former 
position ; the steady pressure then obtained is recorded in the last 
column. This value is seen to be higher than that left by the pump 
exhaust. By repeating the operation a state can be reached when 
only a very small increase is registered, as shown when the air 
nitrogen was examined. 

Tliis mcoTis that even at the low pressure maintained by the pumj) 
some helium or neon or hydrogen has been held bound, or dissolved 
in the solid condensed nitrogen and oxygen ; so that the value 
obtained by simple condensation to 20 '^ Abs. is low by at least this 
amount, though no doubt the amount of occlusion at the higher 
initial observed pressure of the uncondensable is even greater than 
that at the lower pressure of the pump ; the nature of this occluded 
material remains to be seen. Having regard to the relative volatility 
of hydrogen, neon and helium, one might expect that hydrogen 
would most likely be present in any gas remaining occluded under 
high exhaust in solid nitrogen and oxygen at 20® Abs. Experiment, 
however, seems to suggest that the very opposite is the case. To 
examine this ([uestion, mixtures of hydrogen with nitrogen and 
carbonic oxide respectively were employed ; the table on tht following 
page gives the results. 

The first column shows the gases used in the experiments. In 
the second column is given the partial pressure of each constituent 
after admission to bulb H and the McLeod gauge of Plate 1. 
Following this is recorded the actual pressure registered on cooling 
the bulb H in liquid hydrogen ; and in the next column the 
apparent occlusion before exhausting, being the difference between 
the partial pressure of the hydrogen in the case of the mixtures shown 
in column 2 and the reading of column il, which is the pressure 
observed. At this point, following the former procedure, the 
molecular pump exhaust was connected for lo minutes ; then, a.s 
before, the condensed material remaining was evaporated off into the 
gauge by removing the liquid hydrogen. But before re-cooling to 
determine any uncondensable residue due to occlusion at the high 
exhaust, which would be a completion of the previous experiment, a 
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Plate 6. — Effect of Presence op Hydrogen on the Volatility 
AT 20° Abb. op Nitrogen and Carbonic Oxide. 


Gas and 

Gas Mixturea 
Examined 

Preseure (in 10 * mm.) 

Qaa at 

15'^ C. 

Cooling to 

20“ Abs. 

Apparent 

Occlusion 

(before 

Exhaust) 

Raised lo 16° C 
after lu min 
High Exhaust at 
20“ Abs. 

Air nitrogen 

16920 
(0-82 c.c.) 

0*47 

■■ 


Carbonic oxide . 

26300 
(I- 89 c.c.) 

40 

(0 *14% hydrogen) 

— 

( 28570 

i (99° left) 

jNitrogen, 20% 

I Hydrogen, 80% 

1 ^^ 

16440 

j 4320 
\ (16-7%) 

0*44 

(i e. none left) 

1 Carbonic Oxide, 
20% 

(Hydrogen, 80% 

2390 ]\ 

(0*116 c.c.) I 
9560 ( 

(0*464 c.c.) j 

7600 

( I960 

1 (9-7%) 

0-12 

(i.e. none left) 


measure of the pressure was taken to determine the amount of the 
evaporated material obtained, with the surprising result, in the case of 
the hydrogen mixtures, that there was nothing practically to measure. 
Under the high exhaust of the pump, therefore, not ^nly had the 
uncondensable hydrogen been removed, but also the condensable 
constituent ; nitrogen, or carbonic oxide, had suffered a forced vola- 
tility in presence of the hydrogen, although naturally without 
admixture of hydrogen, the nitrogen or carbonic oxide was regained 
unaltered. In view of this, it seems difficult to resist the conclusion 
that some sort of molecular aggregation had taken place at the very 
low temperature, between hydrogen and the carbonic oxide and 
nitrogen respectively. 

The composition of the gases in this experiment is of course very 
different from that dealt with in determining the small proportion of 
air uncondensable. There is, therefore, only a limited application to 
that case. Thus the amount of condensed nitrogen employed is only 
one-fourth of the total amount of hydrogen, whereas in the experiment 
with ordinary air there is five hundred thousand times more nitrogen 
than hydrogen ; the amount of “ forced volatility ” will therefore 
probably be so small as to escape measurement, as the difference to 
be detected would have to be measured on a total of one atmosphere 
in the gauge. Further, it is possible to make a correct estimate of 
the amount of occlusion occurring on condensation to 20° Abs. in 
the case shown in the last table, because the actual composition of 
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the mixture is known ; whereas in the former case of examination of 
air uncondensable, this is uncertain, the only data being the pressure 
remaining after exhaust and recondensation. But there is evidently 
ample need for enquiry under different intermediate conditions in 
order to throw more light on what appear to be new conditions of 
relative volatility at low temperatures. 

Diffusion through Platinum and other Metals at High 
Temferati res. 

The diffusion of hydrogen through a heated platinum tube can 
easily be demonstrated. For this purpose a platinum tube A 
(Plate ()) of ^ mm. bore and ^ mm. thickness of wall is fused up at 



one end, while the open end is sealed into one limb of a glass 
manometer B charged with sulphuric acid ; the platinum tube is 
r^uced to about 0*2 mm. thickness of wall for sealing into the 
glass. It is further supported by an external glass tube (not shown 
in the figure) fitting tight on to the horizontal extension of the 
manometer, and drawn out to afford a good sliding fit on about 
0 cm. of the platinum tube. The left-hand limb of the manometer 
connects to a stopcock and charcoal bulb for exhausting between 
successive measurements ; to facilitate this, the two limbs of the 
manometer are connected by another stopcock C, which is closed 
when a measure is to be made. For providing atmospheres of 
different gases round the platinum tube, a quartz tube D of special 
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shape is slipped over the platinum tube, which it loosely fits, and to 
which it is luted at the plain open end nearest the sealed joint by a 
short plug of asbestos wool tightly packed when wet. The purifica- 
tion of the gas entering the quartz tube, and thus passing through 
tlie annular space round the platinum tube, is provided for by a plain 
U-bend G, which is cooled in a vessel of liquid air or solid carbonic 
acid. A second bulbed U-tube containing a little mercury or sul- 
phuric acid is sealed in near the open end of the quartz cover tube, 
and this acts as a seal and bubbler H for controlling the gas rate. 
The tubes are conveniently heated by a M6ker burner F. 

Plate 7 shows the observed increase in the pressure when the 
platinum tube is heated directly in the flame in three different 



Plate 7. — Growth of Pressures in Platinum Tube Heated by 
M^ker Gas Burner. 


positions. The rate of growth of the pressure and the limiting 
pressure reached are seen to be dependent on the region of the flame 
to which the platinum tube is ^justed ; when near the bottom, 
where the amount of unburnt hydrogen is greatest, a rapid rise is 
shown and the equilibrium pressure obtained is high, both values 
becoming less as the platinum tube is brought higher in tl^e flame. 
Finally, at the tip of the flame where combustion is complete, reversal 
can be demonstrated, and the manometer again falls in the manner 
shown in the diagram ; for the hydrogen will diffuse out as srell 
as in, the direction depending on whether the region of lowest 
pressure is outside or inside. The position of equilibrium of the 
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manometer, given by any part of the flame, records the partial 
pressure of the diffusing hydrogen for that region; this is easily 
shown in the middle of the flame. In the same way a pure hydrogen 
flame can be employed. The temperature of the flame is now not 
so high, but can be increased by the introduction of a little oxygen, 
using a simple form of quartz blowpipe. The oxygen introduced 
passes through an annular tul)e round the hydrogen jet, whereby 
the temperature of the tube is sufficiently raised by conduction 
from the outside intense part of the flame, while leaving plenty of 
available free hydrogen to diffuse from the central part. The 
manometer rises then to almost any amount we please. An actual 
rate of this diffusion hits been measured by observing the growth 
of pressure in an exhausted McLeod gauge of known volume to- 
which the platinum tulKi and attached U-tube was sealed. With 
the platinum near a white heat the rate was found to be of the order 
of c.c. an hour per square centimetre through a moan thickness 
of half a mm. When thin platinum foil was employed in a different 
arrangement about twenty times this rate was observed at a rather 
lower tv ratlin*. 

If instead of the flame impinging directly on the platinum tul>e 
>\o introduce the quartz tube cover shown in l^late 6, allowing dry 
air or oxygen to pass through the annular space, the manometer 
remains steady, \Nherea8, however, on passing a current of hydrogen 
through the annular space the jiressure instantly increases and 
(juickly reaches a limit. 

On replacing the platinum tube by a palladium one, similar effects 
result, but at a greater rate. Now, however, the pressure disappears 
when the flame is removed, as the palladium 011 cooling absorbs the 
hydrogen ; but not so fast as when the tip of the flame is used for 
heating to show the diffusion of the hydrogen out through the hot tube. 
An iron tube similarly employed shows much smaller effec*ts ; but 
on the other hand this is the only tube of the three t > give any 
indications of gas diffusion when heated by a flame of carbonic oxide 
mised in temperature by the addition of oxygen. 

An even more effective and ready way to demonstrate a succession 
of these effects is by using an electric discharge tube to replace 
the manometer ; the arrangement of the apparatus is seen in the 
next figure (Plate 8). 

The platinum tube in this case is also provided when necessary 
with an external quartz tube for leading different gases over the 
heated platinum. For examining the electrical discharge and 
spectrum of the diffusing gases, the discharge tube B is provid^ with 
external electrodes, formed by silvering cm. length near each end, 
protected by thin copper foil bound on v th wire. Exhaust is pro- 
vided as usual by a charcoal bulb C with a stopcock i for puttinjj 
the exhaust olT aiid on as required. B is protected at each end with 
U-tubes D and E, as liquid air traps for volatile materials, either 
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diffusing in or coming from the stopcock. The volume is kept small 
by using tubing of about 2 mm. bore. By this means the diffused 

S ressure attains in a very short time a sufficient value to allow a 
ischarge to pass. 



The apparatus being highly exhausted, as shown by the absence of 
any discharge when the induction coil is put on, the naked flame of 
the M^ker burner is applied to the platinum tul>e. Within a very few 
seconds of closing off tne charcoal stopcock a lilac-coloured discharge 
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begins in the tube and rapidly intensifies and becomes deep pink, 
characteristic of hydrogen, and on examining with the spectroscope a 
well-developed spectrum of this gas is seen. Now the heating is 
repeated, after exhausting by the charcoal, but with the quartz tube 
containing air covering the platinum tube. This time no discharge 
will pass even after several minutes of heating as before. Other 
gases can then be passed through the annular space between the 
quartz tube and the platinum. Neither oxygen nor carbonic acid 
will show any diffusion under such circumstances, although at a 
somewhat higher temperature, obtained in some cases by passing a 
strong electric current through the platinum tube instead of using 
flame temperatures, there are indications that both carbonic acid and 
water vapour will pass through, and possibly also carbonic oxide, a 
gas which, as we have seen, readily passes through hot iron. Finally, 
when hydrogen is passed through the quartz tube a strong discharge 
is rapidly obtained. 

If a thoroughly cleaned (piiirtz tube is subjected to direct heating 
by the Meker flame, there is no certain indication of any gas trans- 
ference. Jf the quartz tube, however, is attiiched to a McLeod 
gauge, instead of to the electric discharge tube, and the heating 
continued for a considerable time, then a definite increase of pressure 
can be detected. On the addition of the external quartz tube, as 
was done with the platinum tube, the arrangement can be made 
more convenient, as the two quartz tubes can be sealed together 
to form a double tube in one piece, as hhown in Fig. 5. This 
arrangement further enables the annular space between the tubes 
to be well exhausted or filled to any required pressure with different 
gases. If hydrogen be admitted and the tubes strongly heated, a 
discharge can only be obUiined after a long time, the rate of diffusion 
being very slow. 

When helium and neon replace the h\drogen in the annular 
space, then a discharge is readily obtained. The helium appf ars more 
quickly than the neon, the discharge \)eing sky-blue at first and 
steadily modifying to the well-known peach -blossom tint of helium 
and neon mixtures, and becoming a brilliant orange-pink as the neon 
intensifies. This affords an effective and ready manner of demon- 
strating the transference of these gases through hot (juartz. The 
annular space was filled to about four-fifths of an atmosphere at 
ordinary temperature ; a good Meker flame is a sufficient source of 
heat ; the inner quartz tube is approximately J mm. thick in the 
walls and about mm. bore. To prevent much loss by diffusion 
into the air through the outer tube the quartz tube ought to be thick 
in the wall. After chargiug the annular space the helium and neon 
gasholder is sealed off. The measure of the rate of transference 
of helium and neon by the use of a McLeod gauge has not yet 
lx»en made. 
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Diffusion through Indiarubbbr. 

A widely different example of a diffusing medium is afforded by 
indiarubber stretched into thin membranes. To enable them to 
stand the necessary difference of pressure on the two sides they are 
supported on discs of copper gauze mounted in a shallow mettil drum 
of about 4 cm. diameter ; the drum A, Plate 9, is closed at one end 
by a brass plate pierced to connect to a lead tube E, of about 2 min. 
bore and 8 mm. diameter. Connection is made to the manometer by 
a ground coned joint B ; a brass cone fitting this joint is soldered on 
the end of the lead tube. The indiarubber membrane is stretched 



over the open end of the drum and rests on the copper gauze disc 
inside, which is raised a few millimetres above the brass plate 
forming the closed end of the drum. Tightly wound thread is used 
to bind on the membrane, a little melted indiarubber as luting being 
first smeared thinly on the brass. To enable different gases to be 
used, and their temperature and pressure to be varied, as applied 
to the indiarubber membrane, a gas-tight metal box is fitU^d on (this 
is not shown in the diagram). 

For demonstrating diffusion through the membrane a manometer 
is employed of the same pattern as that shown in Plate 6 ; the index 
tube is charged with very high boiling-point mineral oil instead of 
sulphuric acid. In order to dry or purify the diffusing gas a plain 
U-tube C (Plate 9) is sealed to the coned joint connecting to the 
mounted membrane. Beyond the U-tube is a two-way stopcock D, 
whose upper limb is sealed to the manometer, while the lower 
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connects to an exhaust pump for the preliminary exhaust of the 
space between D and the indiarubber. 

Everything being exhausted, the U-tube C is cooled in liquid 
air, while the ordinary air of the room is present in the gas-box 
round the indiarubber. In half-a-minute a difference of pressure of 
over 10 inm. is registered on the manometer. This, then, represents 
the rate due to pure dry air diffusing in through the membrane and 
through the cooled U-tube to the manometer. 

If C is not cooled, and A is simply surrounded with a beaker 
lined with wet paper, then a pressure of ,‘^0-40 mm. in half-a-minute 
is seen, tJie difference being due to the added rate of the aqueous 
vapour Other vapours can t)e similarly tried by dropping a small 
quantity of different licmids into beakers placed in turn round the 
mounted membrane. Thus with ether, chloroform and ammonia 
the manometer gives exceedingly rapid indications, about 5 cm. or 
more being registered in a few seconds. Less active vapours are 
benzene, alcohol, pyridine and acetonitrile. These are a few illus- 
ti-ations of what is no doubt a large field for future enquiry. A 
viscous liquid like glycerin stops all diffusion when painted on 
a dry filni. Tlie solution, however, in glycerin of substances such as 
chloroform, etc., causes the manometer to act immediately. 

An interesting variation applicable to the subject of the discourse 
is the }>as8age over the membrane of respired air dried through a 
tube in boiling solid carbonic acid ( — Ho' C.). The o per cent or so 
of carbonic acid therein contained gives an appreciable addition to 
the rise of the manometer shown by dry air alone. If the breath be 
“held” for a half-minute or so before expiring, the difference is 
accentuated. When dry oxygen, hydrogen, and carbonic acid 
respectively are passed through the box over the membrane, the 
corresponding pressures recorded are 10, lo, and over 100 mm. 
respectively in the half-minute. Hydrogen therefore goes through, 
roughly, at four times the rate of air, and carbonic acid al least ten 
times as fast. 

More careful measures made with a McLeod gauge showed that 
for the same membrane the rate expressed in c.c. per day through 
each square centimetre at the ordinary temperature was 2 '12 for air, 
8 4 for hydrogen, and 80*0 for carbonic acid. Different films give 
different values within certain limits, according to their condition 
and thickness, which last is of the order of 0*01 mm. The rate of 
diffusion at different temperatures is readily determined by immersing 
the gas-box containing the indiarubber membrane in a fluid the 
temperature of which can be properly regulated. The variation of 
rate with temperature is found to be logarithmic, with a definite 
break in the curve at 0' C., and also at other points below this in the 
case of hydrogen and carbonic oxide; as far as experiments have 
been carried out. Helium has a slightly greater rate than air, while 
carbonic oxide and nitrogen are not far removed. Some of these 



472 


LIBRARY OF SCIENCE 


ourves intersect at lower temperatures. When the indiarubber 
membrane is immersed in liquid air, the diffusion is too small to 
be seen on the oil manometer ; the actual rate as determined on the 
McLeod gauge being only about 0 002 or 0 ' 008 c.c. per daj through 
each square centimetre. These observations all refer to a difference 
of pressure of one atmosphere on the two sides of the membrane. 
The discussion of the results got by the action of varying pressures 
and temperatures must be deferred to a future occasion.' 

[J 1).] 


Mr. W. J. Green, B.Sc., of the Davy Faraday Laboratory, has 
:iven valuable assistance in the conduct of the Investigation ; and 
Ir. J. W. Heath, F.C.S., in the Lecture arrangements. 



Appendix to Lecture of Jan. 22, 1915 


Rkcoros of Experimfxts omitted from the 
Lecture ox “Problems of Hydrogen and the Rare Gases.’^ 

Friday, January 22, 1915. 

The behaviour of hydrogen and the Rare Gases in their passage 
through metals and other permeable materials have stimulated 
further investigation, since Graham publisljed his classical researches 
in 1H()6. Some of the problems of gaseous transmission at high tem- 
perature through quartz, platinum and various metals were discussed 
in the Discourse of last year.* 

Transmission through Indiarubber. 

In the method adopted by Graham “ a thin film of rubber from 
a small balloon” was stretched over “a thin plate of stucco” closing 
the upper end of a glass tube 1 metre in length, filled and inverted 
in mercury io^srive a Torricellian vacuum. Over this tube he fixed a 
“hood of vulcanised rubber, provided with a small entrance and exit 
tube ” whereby different gases were introduced over the rubber, and 
their rate of transference into the vacuous space was determined. 
The values of the relative rates determined by Graham were tis 
follows : — 

Air 10 Oxygen 2*23 

Nitrogen 0-S7 H}drogen 4*70 

Carbonic Oxide ... 0 98 | Carbonic Acid ... 11*83 

The absolute rate of air at three different temperatures, through 
a thin coat of indiarubber on silk, were also given. Expressed in 
c.c. per day through each square cm. of membrane surface, the 
values are : 

Tempr. 0 ' C. 4 14 60 

Kate 0*07 0-28 0*83 

Wroblewskif in 1876 examined the diffusion of gases through 
absorptive substances. In the use of caoutchouc he found that a 
membrane 0‘034 inm, thick was almost completely imperi ions to air. 
Carbonic acid diffused through at a rate proportional to its pressure 
on the inembmne, and independently of the pressure of air on the 
other side when this was free from carbonic acid. The connection 
between this result and Henry’s Law of Absorption was i)ointed out. 
Hydrogen he found took 3*6 times as long to diffuse as an equal 
volume of carbonic acid ; and in a mixture of the two. each diffused 
independently at a rate proportional to its partial pressure. 

* Problems of Hydrogen and the Rare Gases. Proc. Roy, Inst., XXI., p. 543. 

t Ann. Phys. Chem. 158, 1876, pp. 539-568; Rep. der. Physik. 12, 1876» 
pp. 423-453. 



474 


LIBRARY OF SCIENCE 


Apparatus fob Study of Rubber Diffusion. 

For the purpose of extending Graham’s investigation, membranes 
about O’ 01 mm. thick were used for demonstrating some aspects of 
the diffusion of gases and vapours. The thickness after use was 
-determined by immersing the membrane in liquid air, mounted on its 
brass-drum support, thereby changing it into a rigid body that could 
be cut off at the low temperature and subsequently weiglied ; knowing 
the specific gravity and the area the thickness is found. 

Sneet Para rubber, about 1 mm. thick was gently warmed and 
carefully pulled in all directions by the hands, before being stretched 
on the brass support ; the outside edge being thinly coated with 



melted rubber. It was found most convenient for one {KJrson to 
stretch and hold the membrane down in position while a second 
person carefully wrapped and tied on the securing thread. Much 
thinner films could be obtained from the material employed by dentists, 
giving three times the peicolation shown by the stretched Para, but 
they were often faulty through small leaks, and had to l>e abandoned. 

For maintaining different conditions of temperature and pressure, 
the mounted membranes were enclosed in boxes which were giis-tight. 
The two types employed are shown in Fig. IG — 

{a) for pressures at or below one atmosphere ; 

(5) for pressures above one atmosphere. 

In (a) the membrane is stretched across the open end of the shallow 
metal drum A. Just inside this a copper gauze disc is fixed to 
fiupport the film against suction from within, communicated along 
the lead tube B, which connects by a ground joint to the highly 
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exhausted manometer* or McLeod gauge. A charcoal liquid air vacuum 
arrangement serves for conveniently producing and renewing the 
exhaust in the manometer ; but in the case of the McLeod gauge the 
molecular pump is more suitable. The tube B is soldered gas-tight 
into a coned and threaded boss C forming the centre of the closed 
end of A. The hollow brass cylinder D completely encloses A, on to 
the boss of which it fits tightly by its coned neck. A nut E secures 
the arrangement against subsequent differences of pressure. The 
rim of D is slightly coned inside to a similar hollow cylinder F, which 
thus completes a gas-tight box enclosing the membrane. A second 
lead tube G similar to B opens into F and leads to a two way stop- 
cock, whereby the box is exhausted and filled to the required pressure 
with the dried and purified gas to be examined. The tube G is bent 
in a half circle and brought up parallel to B, so that the whole 
arrangement can be enclosed in a bath at any required temperature. 
For the use of higher pressures the two halves of the gas box seen in 
(ft) fit together with a spigot joint filled with a thin lead washer, and 
are securely bound by peripheral screws on the external ring-plates 
H and J. Fjve or six discs of coarse dried filter paper are placed 
under the indiarubber membrane and form a readily permeable 
support. The 2 mm. opening of B is covered by very fine mesh 
copper gauze under the filter paper. The drum supporting the 
membrane is only 2 or 3 mm. deep. This arrangement was tested to 
forty atmospheres pressure. The pressure was regulated by a screw 
valve attached to the bottles containing the compressed gases. The 
gas passing through the membrane under high pressure appeared as a 
slow stream of bubbles issuing from B, and could be collected and 
measured in the ordinary way. At low temj)erature8 and pressures the 
gas transference was measured, in this case abo, either by the increase 
of pressure shown on an exhausted U-tube manometer of known 
volume connected to B, or by a McLeod gauge when necessary. 

The rates of diffusion measured at a pressure of one atmosphere 
with the apparatus of Fig. 1 gave the following values at 15° C. : — 






Relative Rates 

Rate expressed 
per day per S(| 

Air 




1-0 

20 

Nitrogen 




0-69 

1-3S 

Oarbonic Oxide 




0-94 

1 88 

Helium 




1-75 

3-5 

Argon 




1-28 

1 2-56 

Oxygen 




20 

40 

Hydrogen 




5-6 

11 2 

Carbonio Aoid ... 

... 



14 0 

280 


* See Fig. 9 : Problems of Hydrogen and the Rare Gases. Proc. Boy. 
Inst. XXI., p. 558. 




LIBRARY OF SCIENCE 


476 

The relative rates of diifusio^given in the table between the dif- 
ferent gases is not preserved at all temperatures Thus at 0® C. carbonic 
acid has 16 times the rate of air, instead of 14 as given above for 15° 0. 
In another case one film at 2° C. gave I, 4 and 1 * 65 for the relative 
rates of air, hydrogen and helium. Further, the absolute rates, given 



T EMPER ATURE ""C. 


Fig. 17. 

in the second column, are mean values, the films differing sBghtly in 
thickness. Extreme variations obtained were 1*2 and 3*2. 

The order of diffosibility shown in the above table is difficult to 
associate with any chemical or physical property of the gases con- 
cerned. Especially is this the case with helium, the most volatile of 
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all gases, having an atomic weight of 4, which is only one-eleventh 
of the weight of the carbonic acid molecule, whose rate of diffusion 
is nevertheless eight times that of the lighter helium. Also the 
relatively slow rate of helium compared to hydrogen is remarkable 
in view of the diffusion of these gases through quartz, in which case 
helium has much the greater i*ate. 



Fig. 18. 

Relation of Temperature to Rate of Cas Diffusion 
THHOU iiii Indiarurbet?. 

Fig. 17 gives the curves, showing the observed variation of 
the rate of gas transference with temperature in the case of six 
typical gases. In Fig. 1«S the logarithms of the rates are plotted 
vertically, instead of the actual rates, with temperature horizontally 
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as before ; and in every case straight line graphs are thus obtained. 
These straight lines all show a marked deviation at 0“ C., which 
naturally suggests that water in some condition is the as^ciated 
cause. In the case of carbonic acid, another break was obtained at 
about - 87" C. The gases used were dried through a suitably cooled 
U-tube before entering the box round the membrane shown in 
Fig. 1 (a ) ; but there is the possibility that Avater in some form of 
colloidal association is a constituent of the complicated structure 
of the rubber membrane. The second break in the carbonic acid 



a: 10 20 

Pressures in Atmospheres 


Fig. 19. 


curve at - 87" i\ suggests a possible combination of the membrane 
with carbonic acid below this temperature. 

These results w^ere obtained with gases at the atmospheri- pressure 
passing into the vacuous space of known volume behind the mem- 
brane. Working at higher pressures— up to twenty atmospheres — 
this curious break in the logarithmic graph is much lei evident. 
The conditionsr of experimenting were not quite comparable, as the 
gases passing through the membrane were collected at atjnospheric 
pressure and measured either over brine or heavy mineral oil in the 
case of carbonic acid, or over water when hydrogen was employed. 
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When a gas-bottle charged to 10 atmospheres with carbonic acid 
was connected to the membrane box, Fig. 16 (ft), the gas issued 
from the exit tube of the gas-box at the rate of two or three bubbles 
per minute. 

The variation with increasing pressure at constant temperature is 
seen in Fig. 10. 

It is definitely not quite linear in the case of hydrogen ; and with 
carbonic acid the rate increases at a very much greater proportion 
than the pressure. Comparable experiments made at fractions of an 
atmosphere reveal the same behaviour, though to a less degree. 
Wroblewski’s conclusion would, therefore, seem not to be strictly 
true. 


Composition of Products of Air Diffusion through 
Rubber. 

Since the different components of the atmosphere diffuse at 
different rates through rubber, it is of interest to examine the 
products obtained after an extended period of diffusion. The values 
found for the increase of oxygen percentage may be tabulated as 
follows : — 


Time of 
Diffusion 

Area of 
Membrane 

Rate for Air at Ur 

C. 

Volume of 
Pioduct 

Oxygen 

Percentage 

1 day 

60 sq. cm. 

1*44 c.c. per sq. cm. 

1 

per (lay 

70 c.c. 

46-5 

4 days 

50 

1*44 


290 „ 

36 

4 

25 „ 

0*82 

n 1 

82 „ 

31 

5 .. 

25 „ 

1*08 

1 

135 „ 

1 37 


The presence of helium, as well as neon and hydrogen, could be 
readily detected in the gas passing through the membrane. For 
this purpose charcoal cooled in liquid air was used to maintain a low 
pressure behind the membrane bv condensing the diffusing oxygen 
and nitrogen. On the side of the charcoal further from the mem- 
brane a sparking-tubc of small volume was sealed, to afford the 
means of detecting any heiiiim or neon and hydrogen : they would 
scarcely be diminished in amount by absorption in the small amount 
of charcoal used. The more readily to accumulate a suflicieiit 
pressure of these gases to give a good discharge, the free space in 
the apparatus was kept as low as possible. It was found necessary 
to dry the air coming into contact with the membrane, as otherwise 
the narrow space in the charcoal tube in liquid air became plugged 
with condensed ice from the water vapour diffused in from the air. 

The form of apparatus found most convenient is here figured. 
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A is the charcoal tube about 7-8 mm. diameter and about 25 cm. 
long, for convenience of standing in a deep vacuum vessel in order 



Fio. 20. 


to remain uiidisturl^ed in liquid air for extended periodi*. A is 
enlarged to a bulb below sufficient to contain a gram or two of good 
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charcoal. Inside A is a smaller tube about 5 mm. in diameter 
reaching to the charcoal ; it is sealed to the top of the outer tube 
and continues up to the sparking-tube B. The Regnault three-way 
stopcock C is sealed near the top of the annular space of A by a 
short connection of about 2 mm. bore. The vertical branch of 
C terminates in a ground cone as close to the stopcock as possible. 
The brass cone of an indiarubber membrane support I> fits this 
vacuum tight. To limit the free space below the membrane the 
drum support is reduced to very little more than the depth of a 
few thicknesses of stiff dried porous ^per, which arc placed inside 
to support the membrane. The remaining branch of 0 serves for 
connecting the preliminary exhaust. The membrane support passes 
through a cork into an inverted bell jar E, from the loose cover of 
which a dish F of phosphorus pentoxide is hung. The air gaining 
access to the membrane through the loose cover is thus dried. To 
equally serve this purpose the membrane may be enclosed in its 
gas-box, Fig. 1 (a), with the inlet tube bent down into a U immeraed 
in the liquid air round A. 

It is only necessary, after heating and exhausting out the charcoal 
and sparking 'the Pt electrodes of B, to turn C to connect JI to the 
charcoal tube, and then arrange a flask of liquid air to keep the 
charcoal continuously cooled. The annular construction of A, when 
jii the liquid air, keej)s B free from any volatile impurity coming 
from the membrane or the stopcock lubricant. 

The air diffusion rate of the membrane used W'as previously 
determined in each case ; thereby a knowledge of the amount 
of air diffusing through and condensed in th(‘ charcoal in 
any time is determined, the area of the membrane being also 
known. 

For a fairly rapid indication, a membrane of 50 sq. cm. area, 
having an air rate at 15" C. of 1*44 c.c. i)er day per s<|. cm., >vas 
(employed with half a gram of charcoal. Within 12 hours the whole 
lielium and neon spectrum w^as visible when a discharge was passed 
Ixjtween the platinum wire poles of B. c.c. of air w ould now be 
condensed in the charcoal. The F line of hydrogen was faintly 
seen, with the beginning of some nitrogen lines. This experiment 
continued for four days, when on removing the charcoal from the 
liquid air 290 c.c. of gas was obtained containing 150 per cent of 
oxygen. 

To study the manner of growth of the gius discharge more 
steadily, another experiment was made with a thicker membrane 
of half the area, i.e. 25 sq. cm. ; the air diffusion rate was only 
0 * 82 c.c. per day per sq, cm. A contained 2 grams of charcoal, 
'rhe resulting observations were as follows : — 

18 hours : 15J c.c. condensed : He yellow line alone, quite bright, with 
much phosphorescence, therefore low pressure. Nothing farther 
showing until 
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42 hours : 37 c.o. diffused in ; bright gas discharge. Helium : yellow 
brilliant, green feeble. Neon : orange set quite distinct. Hydrogen ; 
very feeble P line only. 

72 hours : 63 c.c. condensed. Same appearance as shown at 42 hours 
intensified, with P lino of hydrogen quite plain. 

90 hours : 78 c.c. condensed. Helium, neon, hydrogen and nitrogen all 
visible. Neon orange and yellow about equally intense with the 
complete set of 5 helium lines ; P line subdued comparatively, so 
also blue, green and violet nitrogen. Pull red gas glow discharge 
with still some phosphoresconco. 

The day after this the neon greatly intensified, while the helium 
faded out in the blue and green. The hydrogen then disappeared ; 
then the nitrogen intensified, and the remaining lines greatly 
diminished. 

When, instead of platinum wire poles, B has external electrodes, 
conveniently formed by small deposits of silver top and bottom, then 
the green line of helium is the first to show, and all the helium 
spectrum develops before anything else. 

The sequence of the experiment was as follows : — 

Large double film of 98 sq. cm membrane surface. Rate of diffusion 
for air at 15® C., 1*15 c.c. per sq. cm. per day, or 4*7 c c. per hour 
through the whole iurface. Weight of charcoal IJ grams. 

4 hours : 19 cc. diffused in ; faint shadow of the green helium line, with 
much phosphorescent discharge. 

^9 Lv viis . 42 c.c. in. Helium green line well seen ; no other. 

11 ,, 52 „ Same as m 9 hours, but more definite. 

22 J „ 106 ,, All the five principal helium lines only. 

23| ,, 111 ,, Neon orange set visible in addition to the helium 

lines previou‘ily showing. No sign of hydrogen. 

The total gas extracted from the charcoal had 4(T per cent of 
oxygen in this case. 

Relative Rates of Helium and Neon Diffi siok. 

The three gases helium, neon and hydrogen are not of course 
affected to the same extent by charcoal at liquid air temperature. 
Helium is hardly absorbed at all ; neon is only very slightly taken 
up, whereas the condensation of hydrogen is quite appreciable. 
Therefore, in an equal mixture of the three gases over cooled char- 
coal, the helium and most of the neon would be free, while the 
pressure of the hydrogen would be sensibly reduced. Now, the rela- 
tive proportions of the three gases present in air may be taken as 
20 of neon, 5 of helium, and from ^ to 2J of hydrogen (London 
air), expressed as parts per million volumes of air. If, therefore, 
they diffused through the indiarubbcr at the same rate, the neon 
should be apparent in one quarter the time of the helium, ivhile the 
hydrogen would only apj.>ear in about twenty times the period 
necessary for the neon. 

The second experiment just detailed showed that w hen the helium 
was visible spectroscopically in 18 hours, not until 42 hours could 
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the neon be seen distinctly, and then the hydrogen is also just visible. 
One may infer that the ratios of helium and neon diffusion are as 9 to 1, 
and that hydrogen and helium are nearly alike. But considering 
the partial condensability of the hydrogen in the charcoal, the actual 
hydrogen rate would be greater, as indeed is shown by the direct 
measurements. In the same way, having regard to the slight con- 
densability of the neon, the above estimate of one-ninth the helium 
rate would be a minimum. The spectroscopic method cannot, how- 
ever, be regarded as strictly reliable under such circumstances, as the 
electric discharge does not necessarily induce the emission of spectral 
lines proportionally to the several constituents. 

It must also be noted that when the discharge- tube had outside 
electrodes, the first helium line to be seen was the green ; and that it 
showed in at least one-fifth of the time necessary to bring out the 
neon lines in these conditions, compared to about two-fifths of the 
period required by the tube provided with platinum wire poles, which 
gives the yellow helium line first and not the green. The method, 
nevertheless, is capable of useful extension. 

PnOPO^iiTI^xN OF “ UNCONDENSAimE ” (iAHES IX THE PhODUCT OF 

Air Diffusion through Rubber. 

One experiment was made w'ith the object of ascertaining the 
proportion of the uncondensable gases —helium, neon and hydrogen 
— in the total material diffusing through a rubber membrane in air. 
The method of condensation at 20° Abs. was employed as described 
in the Discourse a year ago. 

From this it appeared that after two hours’ diffusion through a 
membrane of 48 sq, cm. surface, with an air rate at 15“ C. of O’ 74 c.c. 
per minute, the amount of uncondensable present wtis 17*8 parts per 
million ; but that this value was increased to 120 after 1 hours, or 
nearly 7 times as much. The value for atmospheric air being about 
27 parts per million, there would thus appear to be « five-fold 
increase of the uncoiidensable material in this diffused gas. 

The total pressure of diffused gas passing into the highly ex- 
hausted McLeod gauge of 500 c.c. volume was 0*11 mm. ; so that 
the partial pressure left at 20° Abs. was 0*0011 ram. However, no 
precaution was taken to dry the air coming into contact with the 
membrane, as described in the previous experiments. It is therefore 
possible that the metal of the membrane support was attacked to 
same extent by the w'ater vapour, thereby giving an increased pro- 
portion of hydrogen, so that the present result requires confirmation. 

Diffusion through Rubber Membranes in Liquids. 
Water Vapour Transmission. 

The diffusion of water vapour has already been alluded to in 
connection with the necessity of drying the air over the membranes 
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when studying the composition of the gases diffusing for an ex- 
tended period. The first rough measures on the oil manometer of 
the rate of water-vapour transmission, by comparing wet and dry air, 
seemed to indicate that at ordinary temperatures water vapour had 
at least forty times the rate of dry air reckoned at the same pressure, 
but that at high temperatures the proportion was much less. More 
exact determinations were nccessiiry to settle this, and the method 
adopted was to weigh the diffusing water vapour after condensation 
in a cooled U-tube in the exhausted space behind the membrane, the 
cooling agent employed being liquid air or solid carbonic acid. 

A preliminary trial on these lines showed that when air from the 
room was diffusing through a 25 sq. cm. membrane and the cooled 
U-tube, into the exhausted McLeod gauge, then a visible ice deposit 
was obtained in the U-tube in less tlian 10 minutes, and that nearly 
"60 mgms. of water were obtained in a day. 

A mounted membrane of 12J sq. cm. area was then immersed in 
water at 15*’ (\ In 18 hours mgms. of water were obtained, 
which is a rate of 6 * *,)6 mgms. per day through each square centi- 
metre. To compare with the values given above for air this may be 
transferred into volume of water vai>our reckoned at N.T.P., when 
the rate Ixjcomes 1 ’88 c.c. per day per sip cm. 

Neglecting any effect of the water immei*sion on the character of 
the membrane, and assuming that the diffusing water vapour waa 
merely that due to the tension of water at 15' C., then we have only 
12 mm. pressure instead of 7G0 min. for the air diffusion. Therefore 
the proportional value for water vapour at an equal pressure would 
be times tliat given by air, reckoned weight for wjjght, or 
times in relative volumes, the figures then becoming 2L) mgms., or 
310 c.c. of N.T.P. water vapour. 

The effect of dissolving a salt in the water round the membrane 
was ne^t tried. Taking a 40 per cent solution of calcium cldoride 
at 15" C. as an example, the rate of transmission of water vapour 
was reduced to 2*45 mgms, per sep cm. per day, equal to 8*04 c.c. 
of N.T.P. vapour, being about 70 per cent of the rate of pure water. 
It may be added that the tension of water vapour from sucli a 
solution at 15" (\ was found to be one-lialf that of water. 

In contrast to the salt a colloidal substance was tried, as having 
no effect on the vapour pressure. Liiin acacia was used as an 
example of this ; a distinctly \iscou8 solution of 1*()7 S.O. gave the 
same rate very nearly as pure water on the siiine membrane. The 
actual rates per sq. cm. per day were I * 89 mgms. for pare water 
and 4 -70 mgms. for the gum, or not more tlmn 2i per cent reduc- 
tion. 

A determination with the membnine in pure alcoliol gave 
56 mgms. condensed from 4J hours’ diffusion, which is a rate of 
21 mgms. per sq. cm. per day, equivalent to 11*0 c.c. of alcohol 
vapour reckoned at N.T.P. ; this is about the same rate as hydrogen 
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diffusing at atmospheric pressure. The tension of the alcohol being 
about 82 mm., the proportional rate at 700 mm. would be f)70 mgms., 
or 275 c.c. of N.T.P. vapour, per sq. cm. per day. This is some 
145 times the volume late found for air at 15" C. on the same 
membrane. 


Transmission through lluimEu of Cases Dissolved in 
THE Immersing Liquids. 

The rate of diffusion through the indiarnbl)er of gases dissolved 
in various litjuids was investigated along with the above measure- 
ments of liquid vapour transmission. Various gases were dissolved 
in the water, alcohol, etc., in which the membrane Wiis immersed. 
The increase of gas pressure was measured in the exhausted McLeod 
gauge to which the membrane and condensing U-tube were con- 
nected, and thereby the amount of diffusion of the dissolved gases 
through the membrane is revealed. Instead of a gas rate of the 
i)rder of 2 c.c. per day per s(p cm. obtained with the membrane 
exiHiscd in air, the following values were obtained : — 


T. — Wateu and A^ceous Soi.oions kound AIrmbrane. 


c c. per day per sq. cm. 
, 0-00 to 0-04 
... 0-414 

1-62 

... 15-0 

.. 0-017 

0-011 to 0-006 
Exposed to air 2 days 0 09 
( I um acacia solution, S.G. 1 07. Freshly boiled ... 0*010 

Calcium chloride, 60 per cent solution. Freshly boiled 0*007 

Hydrochloric acid solution, I Not boiled; j 0'19, falling 

3 per cent | metal i^rotected > to 0*06 
Acetic, acid solution, 3 ,, | by rubber | ... 0-90 


Freshly boiled out, distilled >vatcr 
Air saturated distilled water 

Hydrogen saturated distilled water 

('arbonic acid vsaturated distilled water 

Cane sugar solution, 30 per cent. Freshly boib'd 
n „ 36 „ 

„ 36 


Formic 


0-45 


TT. — Aecohoi.. 


Freshly boiled under exhaust 

Air saturated ... 

Hydrogen saturated 

Carbonic acid saturated 

1 per cent alcohol in water, boiled 

M II M 



.. 0*4 to 0*6 


1*25 


3-5 


25*0 


0-05 


0-11 


0 27 


Til.— ( tEYCERIN. 

Immersed in % per cent glycerin 0*0084 

,, 50 „ ,, (freshly boiled water 

used) ... ... 0*027 

,, 50 ,, ,, air saturated 0*09 


It would thus ajipear that the relative rates of gases in solution 
is not so low as their proportional lowering of volume concentration 
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in the liquid, for water at 15“ C. dissolves about one-sixtieth of its 
volume of air or hydrogen, but the rate of diffusion from air- 
^iturated water is only reduced to one-quarter of the rate in air. 
Koughly the same relation is shown by hydrogen. The effect of 
expelling the ^ses by boiling is very marked, especially in the case 
of solutions. The effect of glycerin in checking diffusion is also 
very evident. 

The behaviour of alcohol is quite the opposite. Air goes throucrh 
membrane equally rapidly whether alcohol is round it or not. 
by freeing the alcohol from dissolved gases, the diffusion is checked, 
^ IS the case with water ; but in about one hour has regained its 
initial r<ite. ® 

[J. D.] 



Friday, Marcli 2(i, 19ir>. 

The Rk^ht Hon. Loro Ravlkioh, O.M VX\ D.C.L. LL.l). 
n.Sc. F.R.S., Professor of Natural Philo«;ophy R.I., 
in the Chair. 

Professor Sir J. J. Thomson, O.M. LL.D. D.Se. Pres. R.S. 

Professor of Natural Philosophy, R.I. 

txperiments on Slow Cathode Rays. 

Ei.k('TRI(’ waves and Rontp:eii rays are two of the most important 
discoveries in Modern Physics. Though the two radiations differ 
so widely both in their properties and methods of production, there 
is very strong evidence in favour of the view that both are vibra- 
tions of the same nature as visible light, and that though the wave 
length of electrical waves might be long enough to reach across 
London, while that of Rontgen rays is of the order of the radius of 
an atom, they were all members of the same family. The question 
arises whether the very wide gap between these extreme cases is tilled 
up continuously with waves of different kinds, or where there are 
gaps in this long interval. Electric waves have been produced whose 
wave length is only a few millimetres, and this limit could no doubt 
be lowered if special experiments were made with that object ; on the 
other hand, Rubens has isolated waves in the infra-red spectrum 
which have a w ave length as long as one-third of a millimetre. There 
is thus no gap between electric waves and light weaves. Is this true 
for the other end of the light spectrum, i.e. is there continuity 
between light waves and Rontgen rays ? The shortest wave lengths 
known for light waves are those discovered by Lyman in what is 
known as the Schumann region of ultra-violet light. They have a 
wave length of about one teii-thousiindth of a millimetre, while the 
longest wave length yet measured for Rontgen rays is of the order of 
one-millionth of a millimetre ; there is thus a gap of about seven 
octaves between the two. This gap up to the present has not been 
systematically investigated, but its study promises to be of especial 
interest. The rays in the Schumann region and very soft Rontgen raya 
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show considerable approach to each other in their properties. Botli 
kinds of rays ionise gases when they pass through them, while light 
in the visible region of the spectrum does not do so. Unfortunately, 
too, for the experimenter, both are so readily absorbed that they are 
unable to penetrate even very thin layers of air, so that it is a matter 
of very considerable difficulty to investigate their properties. Bcih 
kinds of rays produced strong chemical and physiological effects when 
their energy is absorbed in the medium through which they are 
passing. Thus both, as I can easily show by holding starch pi]X?r in 
their neighbourhood, produce ozone ; both, too, are disastrous to some 
of the lower organisms. Indeed, some of the latter under their 
influence undergo the most disconcerting experience an afjuatic 
creature can suffer, for they gradually, when exposed to these rays, 
dissolve awav in the water in which they are living. The study of 
the rays in this gap may thus become of high biological and medical 
importance. 

The method I have used to produce rays between Schumann rays 
and ordinary Rdntgen rays is to bombard a metal target with very 
slow cathode rays. The cathode rays which produce the Rdntgen rays 
in an ordinary Rdntgen ray bulb have speeds corresponding to 20,000 
volts or so and upwards ; the cathode rays I have used have speeds 
corresponding to from 5 to 2000 volts. It is well known that the 
greater the speed of the cathode particle the harder the Rdntgen mys 
they produce. I can show this very distinctly by using a si>e(‘ial and 
very convenient form of Rdntgen ray bulb — the Coolidge tube— for 
the loan of which I am indebted to Messrs. Cossar. The essential 
feature of this tube is that the cathode produces its om\ suj)[)Iy of 
cathode particle, as it consists of a tungsten filament heated to 
redness by an independent heating circuit. The white hot tungsten 
gives out cathode rays which have no velocity when they start from 
the cathode ; the velocity is communicated by the potential difference 
between the cathode and anode. As this is increased the velocity 
acquired by the particles before they strike against the target is also 
increased. The number of cathode particles does not depend upon 
this potential difference, but is detennined solely by the temperature 
of the tungsten spiral. The vacuum in the bulb is an exceedingly 
good one, so good that you do not see the ordinary green phosphor- 
e.'Cence on the glass when the bulb is in action. If I hold my hand 
in front of a platino-cyanide screen, and gnidually increase the 8j)eed 
of the cathode particles by increasing the potential difference, you 
will see that at low speeds very few Rdntgen rays reach the screen 
through my hand ; as I increase the speed some get through the 
flesh, but are stopped by the bones, and at the very highest speeds au 
appreciable amount gets through the bones themselves. 

I will now' pass on to consider the production of soft Rdntgen 
rays by the impact of slow cathode rays. The first method was as 
follows : — Fig. 1 is a Wehnelt cathode ; the anode A is a brass rod 
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with a hole bored through it to allow tlie cathode rays to pass 
through and strike against the target B ; this is a copper plate which 
is^ at the end of and in metallic communication with a cylinder of 
wire gauze. The variation in the speed of the cathode particles is 
produced by putting between this gauze and the anode a potential 
difference tending to stop the rays. Thus, if Vi is the P.D. between 
the anode and cathode, Vgthat between the anode and the gauze, the 
energy of the cathode rays when they strike the target is proportional 
to V^-Vo. To detect any radiation coming from the target a 
camera was placed at the end of the side tube T ; a slit was put in 
front of the photographic plate, and half of it covered by thin slices 



of paraffin w^ax, collodion, mica, glass, or fluorite, so as to be able to 
estimate the penetrating power of the radiation. A magnet was 
placed between the target and photographic plate, so as to deflect 
from the latter any corpuscular radiation from the target. The 
vacuum >vas made as low as possible by charcoal and liquid air ; it 
was so low that no luminosity could be detected between the anode 
and the target. The plates used were Schuiuaun plates. The times 
of exposure, which varied from one minute to two hours, were chosen 
so as to make the energy in the cathode rays striking against the 
target durirjg the time of exposure constant. Thus, for catliode rays 
which had fallen through 10 volts the time of exposure would be ten 
times that for those which had fallen through 200 ; the latter gave 
dense photographs with an ex^wsureof tw o minutes. I have obtained 
photogniphs with potential differences as low' as 10 volts. These are 
not due to ordinary light coming from the discharge tube, for (1) 
they are not obtained when the l)eam of cathode rays is deflected 
from the target by a magnet ; and (2) the mys which produce them 
are quite unable to i>enetrate very thin films of glass. To test 
whether or not they were due to corpuscular radiation from the 
target two methods w'ere employed. First, a magnet was placed 
between the target and the photographic plate so as to deflect the 
corpuscular radiation from the plate ; this did not affect the photo- 
graphs. The second method was to place betw'cen the target and 
the photographic plate a pair of parallel plates and apply to them a 
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potential difiference of 1000 volts. The intensity of the photographs 
was not diminished when all the radiation which fell on tne plate had 
passed through this strong electric field which would have stopped 
any charged particles. With regard to the penetrating power of this 
radiation, I nave been able just to detect the photographic effect 
behind a film of collodion thin enough to show the coloura of their 
plate, when the cathode rays had energy corresponding to 40 volts. 
When the energy corresponds to 80 volts the effect behind the 
collodion, and also behind a film of paraffin wax 4 /x thick, is quite ap- 
preciable, while after 200 volts there is very considerable penetnUion 
of the paraffin and collodion films. 

This photographic method did not, however) lend itself easily to 
quantitative measurements. For this purpose I made use of the 
ionisation of gases produced by these soft Rontgen rays. The rays in- 
stead of falling on a photographic plate passed through a thin window 
into a tube leading into a chamber containing SO^ or some other gas 
giving a large number of ions. The quantity of gas was sufficient to 
absorb all the rays, so that the number of ions produced is a measure 
of the energy which has passed into the ionisation vessel. Consider- 
able difficulty was found in finding a suitable window, as the discharge 
tube itself was a very good vacuum, while it was necessary to have a 
finite pressure of gas in the ionisation chamber. The film had to be 
stout enough to stand a difference in pressure of a few millimetres of 
mercury on the two sides, and yet be thin enough to transmit the 
very easily absorbed radiation. The difficulty was solved by a device 
due to my assistant, Mr. E. Everett. Very thin films of celluloid uere 
prepared by dissolving celluloid in amyl-acetate and i)«iring a thin 
layer of the solution on liquid mercury ; tliis leaves the edges of the films 
free, if they are held .tight the film cracks as it dries. Films prepared 
in this way w’ere so thin that they showed the colours of thin plates. 
The other method is to measure the energy of the radiation given off 
from a target struck by the cathode rays. It is known that when 
ultra-violet light or Rontgen rays fall on a plate of metal, the i^late 
emits negative electricity, and the quantity of this emitted is pio- 
portiona! to the energy as long as the type of radiation is constant. 
To apply this method the tube T, instead of leading to a camera, 
lead to a spherical bulb, silvered on the inside, and at the centre of 
the bulb there was an insulated plate of metal connected uith a 
Dolezalik electrometer ; tlie silvered bulb was maintained at a positive 
potential of several hundred volts positive to earth, while the plate 
of metal at the centre was, before the radiation fell upon it, at the 
same potential radiation as the earth. When the radiation fi^ 1 upon it, 
it lost negative electricity, the amount of which could be determined 
from the deflection of the Dolezalik electrometer. In order to stop 
any charged particles passing from the discharge tube into the 
silvered vessel, parallel plates of metal were placed in the tube T^ 
and a potential difference of 600 volts was mainUiined l>etweeu them. 
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With each of these methods the following results were obtained. 
The energy in the radiation from the target is very small until the 
cathode rays have an energy corresponding to about 15 volts. The 
energy then rises ipiickly with the potential ; then, when the energy 
is measured by the second method, reaches a maximum, and then 
decreases very slowly. This refers to the energy in the Rontgen 
radiation emitted by the target. It is known, however, that when a 
target is struck by cathode rays, negative electrons moving at a much 
slower speed than the primary cathode rays are also given out, and 
the variation in the number of these negative electrons with the 
voltage of the incident cathode rays has beeu investigated by Leitz, 
Oampbell and others. This variation is very similar indeed to the 
variation in the intensity of the Rontgen radiation, for it begins 
between 10 and 15 volts, reaches a maximum between 200 and 
300 volts, and then slowly decreases. The number of electrons 
does not depend on the nature of the target (carbon targets are 
an exception). As far as our experiments go at present a similar 
statement is true for the Rontgen radiation produced by the cathode 
rays ; this 4oea not change much when one metal replaces another 
for the target. 

The close correspondence between the emission of negative elec- 
trons and of the soft Rontgen radiation supports a view of the origin 
of this radiation which I expressed some years ago ; it is that the 
radiation originates in the return of an electron to an atom or a 
molecule which has been ionized, the kind of vibration depending on 
the nature of the electron which has been ejected when the atom wiis 
ionized. If this was one of the electrons on the surface, the radiation 
would be in the region of ordinary light ; if it was from the innermost 
ring of electrons in the atom it would correspond to the K radiation ; 
if from a ring not so close to the centre the L radiation ; and so on. 
As each unit of radiation emitted corresponds to the return of a free 
electron, it is evident that there would be a close connection between 
the number of free electrons produced by the cathode rays and the 
energy in the Rontgen radiation due to those rays ; as we have just 
seen such a correspondence does exist. We may hope to gain im- 
portant information about the atom from the study of these soft 
radiations, for they are given out by the electrons not far from the 
surface of the atom, and it is just these electrons which determine 
the chemical properties of the atom. 

[J. J.T.] 



Friday, May 7, 1915. 

Colonel E. II. Hills, C.M.G. R.E. D.ftc. F.R.S., SecreUiry and 
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Professor 0. W. Richardson, M.A. D.So. F.R.S. 
Electrons and Heat. 

W HEN electrified bodies are heated they are found to lose the power 
of retaining an electric charge. The charge leaks away from their 
surfaces. This is not a novel phenomenon. It has been known for 
nearly two centuries that solids glowing in air are capable of dis- 
charging an electroscope. Thus you observe that the electroscoi)e is 
at once discharged when I bring near it a red-hot poker withdrawn 
from the furnace on the lecture-hible. Tliese effects are due to the 
emission of ions by the hot solids. For example, if the electroscope 
is negatively charged, it draws positive ions from the hot poker, and 
so becomes discharged. 

Most bodies when- heated in air at low temperatures emit only 
positive ions. At sufficiently higli temperatures ions 'vf l)otli signs 
are emitted simultaneously. AVe can show this by a simple exiKjri- 
ment in w'hich the hot body consists of a loop of platinum wire and 
acts ais its own electroscope. A\’hen a charged rod is brought near 
the loop a charge of opposite sign is induced on the latter, w hich is 
thus deflected owing to the electrostatic attraction of the rod. When 
the loop is cold this happens whatever the sign of the cliarge on the 
rod. If the wire is at a dull red heat it can only be deflected by a 
positively charged rod. When a negatively charged rod is brought 
near it the emission of positive ions causes the induced positive 
charge at once to stream away. Thus the wire is incapable of retain- 
ing a positive charge, and so no deflection is produced by a negatively 
charg^ rod. At very high temperatures you observe that the loop 
is undeflected whatever the sign of the charge on the rod. The wire 
is now liberating both positive and negative ions, and so is unable to 
retain either a positive or a negative charge. 

If these effects are investigated in a vacuum, instead of in air at 
atmospheric pressure, it is found that the emission of positive ions 
gradually disappears with continued heating, so that a wire which 
has lieen well glowed out in a vacuum emits only negative ions in 
appreciable quantity. Thus, if we rejMsat the last experiment with 
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an incandescent lamp, using one in which the filaments are not 
anchored, we see that tlie loops are attracted bj a negatively charged 
rod, but not by one which is charged positively. They show, in fact, 
a behaviour hicli is precisely opposite to that of a wire at a dull red 
heat in air. 

Now let us consider the nature of the ions which carry these 
thermion LC currents, to use a term which 1 liave ventured to apply to 
the currents which leak away from the surfaces of hot bodies in this 
manner. As is well known, the negative electrons which play such 
an important part in physical jdienomena are very readily deflected 
by moderate magnetic fields, whereas ions of atomic or greater 
magnitude arc not. I have here an arrangement which will enable 
us to apply this test to the ions emitted by hot bodies. An exhmsted 
tube carrying a horizonUil hot wire is placed in a vertical electric 
field. The electric field is arranged so as to drag the negative ions 
emitted by the \\ire to a suiUible electrode, whence they flow through 
a galvanometer v\liosc deflection is registered by the spot on tlie 
screen. Around the tube an electro- magnet is arranged, so that, 
when it is <?v;‘itcd, tliere is a horizontal magnetic field which tends 
to curl up tlie paths of the ions. If I now switch on the electro- 
magnet, you observe that the current is at once reduced to a small 
value, show’ing that the magnetic field curls up the ptiths of the ions, 
so that they are now unable to roach the electrode. The carriei’s of 
this negative discharge are, in fac't, electrons. 

I have here a second tube, arranged to give a conveniently large 
]) 0 >itive discharge When this is tested by the electro-magnet in a 
similar way, the magnetic iield is found to have no influence on the 
thermionic current. The positive ions are, in fact, much more massive 
than the eioctrons ; more elaborate experiments have shown that they 
are charged atoms. 

We see from these experiments that the negativ^e emission is 
characterized by the electronic nature of the carriers and by its 
permanence in a vacuum. The presence of a gaseous atmosphere 
is not necessary in order to maintain these currents. Thus the 
electrons must come from the heated body itself. I believe that 
this emission is a process which is closely analogous to evaporation. 
Tlie essence of evaporation, of a liquid for example, lies in this : 
that, as the temperature is raist'd, the molecules acquire sufficient 
energy to overcome the forces which attract them to the liquid, and 
so become free molecules of the vapour. We know that all material 
substances contain electrons, and it is not unreasonable to expect 
them to behave, wdien the temperature is high enough, in a way 
analogous to the molecule.^ of a liquid. Another analogy, in some 
ways more accurate, w'ould liken the emission of electrons to the 
reversible evolution of a gas by the decomposition of a solid such 
us calcium carbonate. The similarity of this process to evajwration 
is well known to chemists. 
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This position is strengthened when we examine the way in which 
the electron emission depends on the temperature of the hob body. 
This may readily be done by surrounding the hot wire with a cylin- 
drical electrode to catch the electrons, which then flow through a 
galvanometer whose deflection measures their number. The hob wire 
is arranged to lie in one arm of a Wheatstone’s bridge ; so that its 
temperature may be deduced from its resistance. Innumerable 
experiments with different substances have shown that this emission 
increases with great rapidity as the temperature rises, ju^t as does 
the corresponding phenomenon in the case of evaporation. The 
correspondance is, in fact, exceedingly close. We miy bake the rate 
of emission of molecules from the surface of an evaporating liquid 
to be proportional to the vapour pressure. The proportionality is 
nob exact, but it is sufficiently so for our purpose. The crosses on 
the next slide represent values of the vapour pressure of water, on 
the vertical scale, plotted against the corresponding temperatures 
from 0° C. to 90® C, on the horizontd scale ; whilst the circles repre- 
sent the emission currents from platinum plotted similarly against 
temperature over the range 1000® 0 to 1250° 0. All the points lie 
on the same continuous curve within the limits of experimental 
error. To bring about this coincidence, it is. of course, necessary to 
plot the temperatures on quite different scales in the two cise^, bub 
the agreement demonstrates in a simple way the similarity of the 
laws which govern the temperature variation in both cases. 

Numerous cases of electron emission have now been examined, and 
it has invariably been found, provided there is no reason to suspect 
changes in the chemical nature of the emitting sur^ce, that the 
relation between the current i and the absolute temperature T is 
expressed by a very simple equation. This is 

t = A Ti exp - ^ 
or 

log » - J log T = log A - 

where A and b are constant quantities for any particular substance. 
The theory underlying this equation shows that tne quantity b is very 
nearly equal to half the energy change, expressed in calories, when 
one gram molecular weight of the electrons is emitted. Pursuing 
the analogy with evaporation, this quantity miy be called the mole- 
cular latent heat of evaporation of the electrons. It is not. however, 
with the theory underlying this equation that I parbiculatsy wish bo 
concern you now ; but I do wish to impress the fact that this formula 
is nob an empirtcal affair covering a small ran^e of temperature and 
current. The most recent measurements, • mide with tungsten, have 


♦ cf. K. K. Smith, Phil. Mag. iol 29, p. 102 (1915) 
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shown that the formula expresses the results within the limits of 
experimental error, over the i-ange of temperature from 1050° K. to 
2800° K. At the lowest temperatures the currents were less than 
one-millionth of a microampere per square centimetre, and had to 
be measured with a sensitive electrometer, whilst at the higliest 
temperatures they were comparable with one ampere per square 
centimetre, and could be measured on a commercial ammeter. Thus 
the equation holds true whilst one of the variables changes by the 
enormous factor of 10^'. There are not many physical laws which 
will stand so severe a test as this. 

Let us now turn to some other conse(|uences of the hypothesis 
that the emission of electrons is analogous to Evaporation. * One of 
the familiar effects of evaporation is to cool the liquid which gives 
off the vapour, owing to the latent heat of vaporization. In an 
exactly analogous manner, a wnre which is giving off electrons will 
be cooled thereby. I think I can succeed in demonstrating this 
effect to you, although the lowering of temperature to be looked for 
is not very large, and delicate means have to be employed to detect 
it. This tube contains a hot tungsten wire, which is made to act as 
its own thchiiinueter by placing it in one arm of a sensitive Wheat- 
stone's bridge. Minute changes in its resistance can thus be 
measured. The bridge is balanced with the electrode surrounding the 
hot wiie negatively charged ; so that the thermionic current do(‘s not 
flow. If I loverse the potential and thus start the thermionic 
current, keeping the heating current constant, yon observe a sudden 
deflection of the spot of the bridge galvanometer. The direction of 
this deflection rorresiionds to a reduction of the resistance of the hot 
wire, and thus to a lowering of its temperature. By experiments of 
this kind. Professor Cooke and I succeeded in mcasuriug the latent 
heat of evaporation of the electrons directly 

Just as a liquid is cooled by evaporation, so it is heated to a 
corresponding extent when the vapour condenses. In fact, an ele- 
mentary experiment with which every student of physics is familiar, 
consists in measuring the latent heat of evaporation by blowing 
steam into water. A precisely analogous experiment can be made 
with electrons. A large electron current from a hot wire is driven 
oil to a fine strip of the metal, whose latent heat of condensation for 
electrons is to be tested. The cold strip is made to act as its own 
thermometer by placing it in one arm of a sensitive Wbeaistone’s 
bridge. When the hot wire is charged positively there is no electron 
current to the strip, and the bridge is balanced under these con- 
ditions. The wire is then charged negatively, so as to make the 
electrons flow on to the strip. There is then an increase in resist- 
ance, due to the heat liberated by the condensation of the electrons, 
which is measured. lu these experiments only part of the observed 
change of resistance arises from the effect under consideration. The 
remainder is caused by the kinetic energy given to the electrons by 
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the auxiliary field used to drive them from the hot wire to the strip. 
This, however, is easily determined and allowed for. 

I have now indicated to you three independent methods of 
deducing the values of the latent heat of emission of the electrons. 
Let us see how the latest and most accurate values obtained by these 
methods agree with one another. The numbers found, and the 
names of the experimenters responsible for them, are shown in the 
following table : — 

Values of Latent Heat of Emission reduced to Eqidvalent 
Temperatures, 

1. From the temperature variation of the rate of emission. 

Tungsten (Langmuir) 10*5 x 10^ - 11*1 x 10^ calories 
per Mol. 

Tungsten (K. K. Smith) 10*94 x 10^ calories jxir Mol. 

Platinum (various) 12 x 10^ - 10 x 10^ calories per Mol. 

2. From cooling due to emission. 

Tungsten (Cooke and Kichardson) 11*24 x 10^ calorics 
per Mol. 

Tungsten (Lester) 11*01 x lo* calorie^ per Mol. 

Platinum (Wehnelt and Liebreich) l.>*9 x 1(0- 14’5 x 10 
calories per Mol. 

;l. From heating due to condensiition. 

Platinum (Richardson and Cooke) 10*5 x 10’ calories 
per Mol. 

Unfortunately, the v^icuum value for platinum given by the first 
method is still uncertain, owing to complications caused by gaseous 
contanlinants. Except for this, the agreement between the dilfercnt 
methods leaves nothing to be desired. 

We come now to the very interesting question of the velocity 
and kinetic energy which these electrons possess when they are 
emitted. The fact that they are electrically charged enabl(*s us to 
find out a great deal more al)out their emission velocities than v\e 
can do in the corresponding case of the emission of ordinary mole- 
cules. By applying an external electric field we can influence the 
motion of the emitted electrons, and the precise nature of the effect 
exerted by the field de^nds on the velocity with which the electron'* 
are shot off from the hot body. It is clear that we have! no such 
method of controlling the motion of ordinary molecules. 

I shall now consider one of the arrangements which has been 
used in applying these principles to the analysis of the emission 
velocities. The hot emitting surface is a small strip of |)latinum, 
electrically heated, which lies at the centre of a much larger metal 
plate. The upper surfaces of the strip and the plate are flush with 
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each other, and are maintained at the same poU‘iitial. Vertically 
above this lower plate and a short distance away from it is a parallel 
metal plate connected to the insulated quadrants of an electrometer. 
An arrangement is provided by which a suitable difference of potential 
can be maintained between the two plates, so as to oppose the motion 
of the electrons from the strip towards the upper plate. It is clear 
that if the electrons have no velocity when they are emitted, any 
retarding field, however small, will be sufficient to stop them froni 
reaching the upper plate and charginir up the electrometer. If, on 
the other hand, they are shot off with a definite component of 
velocity normal to the strip, they will reach the upper plate, provided 
the corresponding kinetic energy exceeds the work they have to do to 
overcome the opposing difference of potential. Thus, 'if the electrons 
are not at rest when they are emitted, they will give rise to currents 
capable of flowing agahist an applied electromotive force if this is not 
too largo. I have here an arrangement, similar in principle to that 
just described, which will enable me to show to you the existence of 
these currents flowing against an applied electromotive force. The 
platinum sj^rip is replaced by a very short tungsten filament, the 
upper plate "by a surrounding cylinder, and the electrometer by a 
galvanometer. The apparatus is thus different in detail from that 
already referred to, but the principle is the same. You observe that 
the current is largest wlien the opposing difference of potential is 
zero, and falls off uniformly and rapidly as the potential diffeiencc 
is increased. By increasing the temperature 1 can Ciiuse a consider- 
able current to flow against an opposing difference of potential of 
one volt. 

The experiments just referred to arc a kind of electrical analogue 
of the high jump, in which the measuring tape is replaced by a 
voltmeter. Corres})onding to ciich emission velocity there is a definite 
equivalent voltage. The fact that the current falls off continuously 
ns the opposing voltage increases shows that the elections are 
not emitted with a single velocity, but with different velocities 
extending over wide limits. Careful experiments of this kind have 
enabled us to discover what proportion of them are shot off w ith 
velocities within any stated limits, to determine, in fact, what is the 
Law of Distribution of Velocity among the emitted electrons. 

More than fifty years ago Maxwell concluded, from ratln r abstruse 
theoretical considerations, that the velocities of the molecules of a 
gas or vapour should not all be equal, but should be distributed in a 
certain way about the average value. This law% known as Maxwell’s 
law’^ of distribution of velocity, is somewhat similar to that which 
governs the density of bullet-marks on a target at different distances 
irom the bull’s-eye. The theoretical considerations which led Maxwell 
to establish this law for gases apply equally to the atmospheres of 
electrons outside hot bodies. Let us see whether the results of our 
experiments agree with Maxwell’s predictions or not. If the law of 
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distribution of the normal velocity component for the emitted elec- 
trons is that given by Maxwell, it is necessary (and sufficient) that 
the currents and which flow against potentials Vj and V., 
respectively, should satisfy the equation 

where R is the constant in the equation pv = RT of a perfect gas, 
and Q is the quantity of electricity which liberates half a cubic centi- 
meter of hydrogen at 0° C. and 760 mms. in a water voltameter. 
The requirements of this formula are found to be fully satisfied by 
the results of the experiments. Thus the logarithms of the ratios of 
the currents are found to be accurately proportional to the differeiK'cs 
in the corresponding opposing potentials at a given temperature. 
Again, since Q is a well-known physical constant and the value of T 
was estimated during the experiments, we cfin use the experimental 
data to obtain a value of the gas constant R. Eight oxporimenU, 
made under conditions as varied as possible, when treated in this 
way gave values of R which varied between the extreme limits 
3 '08 X 10^ and 4‘4C x 10® ergs per c.c. per deg. C. Th(‘se values 
exhibit a rather wide variation wdiich, however, is believed to le 
fortuitous, so that the mean value should be much more accurate. 
The mean of the eight values gives R = 3*72 x 10®, whereas the 
number given by the gas equation is R = 3*711 x 10^ in the siime 
units. 

The fact that the value of the gas constant can be deduced in 
this way from purely electrical measurements must be regarded as a 
remarkable confirmation of the general position. The results of 
these experiments, and others of a similar nature which I have not 
time to describe, show not only that the velocities of the electrons 
are distributed about the average value in accordance with Maxwell’s 
law, but also that the emitted electrons are kinetically identical ;Nith 
the molecules of a hypothetical gas of equal molecular weight at the 
temperature of the hot metJil. The experiments referred to formed, 
so far as I am aw^are, the first direct experimental demonstration of 
the truth of Maxwell’s law of distribution of velocities, and, although 
many of the consequences of this law have been made visible by 
the beautiful experiments of Perrin on the Brownian movement, I 
believe that they still furnish the most direct experimental verification 
of its truth. 

Quite recently a number of experimenters have called in question 
the general position which I have taken as to the naturt of the 
process of electrwi emission from hot bodies, and have asseijted that 
this effect is caused by chemical action between the hot solid and 
traces of contaminants, usually supposed to be gaseous, which have 
access to it. Whilst I feel that tne value of the evidence in favour 
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of the latter hypothesis has, generally speaking, been greatly over- 
estimated, it would take too long to discuss this question with the 
completeness which it demands. I shall therefore content myself 
with directing your attention to some experiments with tungsten 
filaments Avhich prove that only an insignificant fraction, if any, of 
the emission from this substance can be attributed to chemical 
action. 

Tungsten is peculiarly suited to these experiments on account of 
Its great refractoriness. It can be heated in a vacuum for con- 
sidenible periods at temperatures so high that all known impurities 
are volatilized out of it. The preliminary treatment of the experi- 
mental lamps furnishes some novel features which may prove of 
interest. The ductile tungsten filaments arc electrically welded to 
the supporting leading wires in an atmosphere of hydrogen. After 
mounting, the lamps are exhausted in a vacuum furnace (with an 
external air pressure of about 1 cm.) at 550-000“ (\ for about 
24 hours until the evolution of gas becomes very small. A Gaede 
pump is used for the internal exhauht at first, and, later on, liquid 
air and c^rcoal in addition. In the final stages the tungsten is 
glowed at about 3000' absolute, and, for the best results, the anode 
is heated by subjecting it to an intense electron bombardment from 
the hot wire. The conditions as to freedom from gaseous contamina- 
tion which have been attained in this way are far superior to those 
which result from any other method of treatment. 

With lamps thus prepared [ have Crirried out simultaneous 
measurements of the rate of emiss-ion of electrons on the one hand, 
and either of the variation of the ])ressure of the gas present or of 
the rate of loss of matter by the filament on the otlier. Particular 
exj)eriments have led to the following numbers : — 

(1) For each molecule of gas given off the numl)er of electrons 
emitted by the filament may be as high as 200,ooo,oo0. 

(2) At each impact of a gas molecule with the filament 15,000 
electrons w’ould have to be emitted, and 

(3) Each atom of tungsten which disappears from the filament 
would have to wiuse the emission of 984,000 electrons. 

The magnitude of these numbers entirely precludes the possibility 
that chemical action plays any significant part in this emission. 
Again, the mass of the electrons lost by a filament may exceed the 
mass of tungsten lost in the same interval, proving that the emitted 
electrons are not furnished at the expense of the tungsten. They 
must, therefore, flow in from outside points of the circuit. Thus 
these experiments furnish a direct proof that the electric current in 
metals is carried by moving electrons. The mechanism of metallic 
conduction becomes more mysterious every day, hut this, at any rate, 
is a fact which has to be reckoned with. 

Perhaps I can drive these mattei-s home to you more effectually 
by means of a simple expeiimcut, which shows that these electron 
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currents from tungsten in high vacua are not minute affairs ie(|iuriiig 
elaborate apparatus for their detection, but, at high temperatures, 
arc of such magnitude as to be worthy of the consideration of the 
practical electrician. 1 have here a tungsten lamp, containing a fila- 
ment 14 mm. long and about 3 mils, in diameter, in series with an 
ammeter, a resistance, a battery, and a second ammeter. They are 
arranged in the order named, so that there is an ammeter at each 
end of the lamp. In addition there is a side line from the cylin- 
drical electrode of the lamp, which ciin be switched through either a 
millammeter or an electric bell to the positive end of the battery. 
There is no auxiliary voltage in this side line. When I turn the 
cuiTent on, you observe that the ammeters read differently, showing 
that more current is flowing into the filament at one end than out of 
it at the other. The difference is, in fact, equal to the electron 
current which flows into the wire sideways and is registered by the 
millammeter. Those of you who cannot sec the instruments will, at 
any rate, hear the electric heW when 1 switch the electron current 
through it. With a lamp which was -somewhat l)etter designed 
for the purpose than the present one, I have recorded a current of 
0*7 ampere at one end, 0*45 at tlie other, and 0*25 in the branch 
circuit. So far as my experience goes, the only limit to the size of 
these electron cuiTcnts is that wliich is set by the magnitude of the 
current which fuses the filament, provided the recpusite driving 
voltage is available. 


[0. W. R.] 



C^KARLKs TTawksley, Esq , M.lnst.(\E., Vice-President, 
in the Chair. 

Profe.ssor Sir Ernest IIutherford, LL.l). ]).S(*. F.R.S. M.R.T. 

(Noind Laureate). 

Radiations from Exploding Atoms. 

It is now well established that the radio-active substances are iinder- 
spoFt’.'noous transformation, and that their cliaracteristic 
radiations — the a, /i, and y rays — accompany the ar*tual disinte^^ra- 
tion of tlie atoms. The transformation of each atiun results from 
an atomic explosion of an exceedingly violent character, and in 
irener.d results in a liberation of enercy many million times greater 
than from an ectual mass of matter in the most vigorous chemical 
reaction. 

In the m.ijority of cases the atomic exjdosion is accompanied by 
the expulsion of an actual atom of matt(*r — an a t>artiele - \Nith a 
very high speed. It is known that the a particle is an atom of 
helium which carries two unit positive charges, and \\hi(‘h leaves the 
atom with a velocity of about lo,0o() miles ]x^r second. In some 
transformations no a partade i.s ejeeded, but its })laee is r.iken by a 
swift p particle or electron. These p rays carry with thciU a large 
amount of eniTgy, for in some cases they are expelled very close to 
the vedocity of light, which is the limiting velocity pos^’ble for such 
])arti(des. Tlie expulsion of high-speed p particles is usually accom- 
panied by the appearance of y rays, which c-orn^spond to X-rays, 
only of greatiT ]>enet rating power than has so far been obtained 
from an X-ray tube even when a high voltage is employed. The 
emission of energy in the form of y lays is not negligilde, for in 
some cases it is (‘\en greater than the energy emitted in the form 
of high-s[)ced P ])arti(des, ami may amount ])er atom to as much as 
20 per cent, of the (‘iiergy released in the form of a swift a particle. 

By the application of a high voltage to a vacuum tube It is 
(pi itc possible to ])roduee types of radimion analogous to those 
spontaneously arising from radium. For example, if helinm w'ere 
one of the residual gases in the tube, some of its atoms would 
become charged, and would he set into swift motion in the strong 
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electric field. In order, however, to acquire a velocity equal to the 
velocity of expulaioii of an a particle, say, from radium 0, even in 
the most favourable case nearly four million volts would have to l)e 
applied to the tube. 

In a similar way, in order to set an electron in motion with a 
velocity of 98 per cent, the velocity of light, at least two million 
volts w'ould be necessary. As we have seen, it has not so far been 
found possible to produce X-rays from a vacuum tube as penetrating 
as the y rays. The study of the radiations fromT radio active sub- 
stances is thus of especial interest, not only for the information 
obtained on the structure of the atoms themselves, but also in 
providing for investigation special types of radiation of greater 
individual intensity than can be obtained by ordinary experimenUl 
methods. The enormous energy of motion of swift a and ^ particles 
must exist in the atom before its disintegration, either in a potential 
or a kinetic form, and may arise either from the passage of the 
charged particles through the intense electric fields within tlie atom, 
or from the very swift motion of these particles within the atom 
before their release. In any case, there can be no doubt that 
electric fields, and possibly magnetic fields, of enormous intensity 
exist within the very small volume occupied by the essential structure 
of the atom — fields many million times greater in intensity than we 
can hope to produce in laboratory experiments. 

In order to explain certain experimental results, I have suggested 
that the main mass of the atom is concentrated within a minute 
volume or nucleus, which has a positive charge, and is of dimensions 
exceedingly minute compared with the diameter of thelTtom. This 
charged nucleus is surrounded by a distribution of electrons which 
may extend to distances comparable with the diameter of the atom, 
as ordinarily understood. The general evidence indicates that the 
a and primary p particles are exj)elled from the nucleus, and not 
from the outer structure of the atom. If this be the ciise, the 
a particle which wirries a positive charge would have its velocity 
increased in passing through the strong repulsive field surrounding 
the nucleus ; on the other hand, the particle which carries a 
negative charge must be retarded in its escape from the nucleus, and 
must possess great initial energy of motion to escape at all. There 
appears to be no doubt that the jjenetrating y rays have their origin 
in some sort of di8turl>ance in the rings of electrons nearest to the 
nucleus, but do not represent, as some have supposed, the vibrations 
of the nucleus itself. 


a Rays. 

A brief account was given of the recent work of Rutherford and 
Robinson in determining with accuracy the velocity of expulsion of 
the a particles from certain radio-active substances. This was done 
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by measuring the deflection of a pencil of a rays in strong magnetic 
and electric fields. With the aid of intense sources of radiation, it 
was found that the value of the E/M — the ratio of the charge 
earned by the a particle carried to its mass — was 4820 units, a value 
to be expected if helium has an atomic weight 4 and carries two 
unit charges. This experiment also shows that the mass of the 
flying positive particle is not affected appreciably by its swift motion. 
From known data the initial velocity of the expulsion of the a 
particles from all other radio-active substances can be deduced with 
accuracy. 

If the expulsion of an a particle from an atom is the result of an 
internal explosion, we should anticipate, from the analogy of a shot 
from a gun, that the residual atom would recoil in a direction 
opposite to the escaping J3 particle. The existence of these “ recoil ” 
atoms can be shown in a variety of ways, for the velocity of recoil 
is sufficient to cause the atoms to leave the surface on which they 
are deposited and to pass through a considerable distance in air at 
a pressure of one millimetre before they are stopped. It is to be 
anticipated 'that the momentum of a recoiling atom should be equal 
and opposite to that of the escaping a particle. Since the deflection 
of a charged particle in motion in a magnetic field is inversely 
proportional to its momentum, the deflection of a stream of recoiling 
atoms should be the same as for the a particles if the atoms carry 
the same charge. Dr. Makower has examined the deflection of a 
pencil of recoil atoms in a magnetic field, and found it to be exactly 
half of that due to the a particle, proving definitely that the recoiling 
atom carries only one unit of positive charge in place of two for the 
a particle. 

We thus see that the simple application of momentum enables 
us to deduce the mavss and energy of the recoiling atom*^. Since 
the mass of the radio-active atoms is about fifty times that of the 
a particle, the velocity, and also the energy, of recoil is only about 
one-fiftieth of that of the escaping a particle. In a similar v ay, it 
can be shown that the ejection of a swift ^ particle should cause a 
vigorous recoil of the atom, though not so marked as in the case of 
the more massive a particle. 


P Rays. 

During the last few years notable advances have been made in 
our knowledge of the mode of emission of P particles from radio- 
active atoms. The work of Baeyer, Hahn, and Meitner, and of 
Danysz, has shown that the P rays from a radio-active substance 
like radium B or radium C contain a number of definite groups of 
rays which are expelled with definite velocities. This is best shown 
photographically by examining the deflection of a pencil of P rays 
m a magnetic field. In a uniform field, each of the groups of rays 
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describes a circular pith the radius of which is inversely propor- 
tional to the momentum of the ^ particle. By the application of 
special methods it has been found possible to obtain a veritable 
spectrum of the P rays. The spectrum of the ^ rays from radium B 
and radium C has l>een very carefully examined by the writer and 
Mr. Robinson, and found to give a large number of well-maiked 
bands, each of which represents a group of P rays, all of which are 
expelled with identical speed. It was at first thought that most of 
the energy of the p rays was comprised in these groups, as some of 
the bands on the photogmphic plate were very marked. Chad\\ick, 
however, lias recently shown that the fraction of the rays which 
give a line spectrum is only a few per cent, of the total radiation. 
The general evidence shows that the p radiation from these sub- 
stances gives a eontinvous spectrum due to p rays of all ])ossible 
velocities, on which is superimposed a linfi spectrum due to a small 
number of p particles of definite velocity comprising each group. 

Lines in the p-my s|H^ctrum have been ol)scrved for jwirticles 
which have a velocity not far from that of light, but the ])hoto- 
graphic effect of the particles becomes relatively feeble for such 
high speeds. 

It is kno^^n from direct measurement that each atom of ladiiun B 
or of radium C in it'^ disintegration emits on an avermjp one P ])article. 
In the P-v^y spectrum of radium C at lea^t fifty definite bands are 
observed, differing widely in intensity. It is thus clear that a single 
atom in disintegrating cannot provide one p parti(*le for each of 
these numerous groups. It is thus necessary to conclinle that each 
atom does not emit an identical p radiation. The rcwilts are best 
explained by 8uppo.sing that the ^-ray spectrum is the statistical 
effect due to a large* number of atoms, each of which may only give 
one or two of the groups in its disintegration. In this respect a 
p-Tiij fransformation is distinguished from an a-ray tranhformation, 
for in the latter case each atom emits one a i>article of chamcteristic 
speed. It will be seen later that there is undoubtedly a very close 
connection between the emission of p and y rays from radio-active 
atoms, and the probable explanation of the remarkably complex 
/3-ray spectrum will be discussed later. 

With the exception of one element, radium E, and iH)ssihly 
uranium X, all the radio-active substances which emit primary p rays 
give a line spectrum. For the majority of elements the strong lines 
in the /3-ray spectrum have been determined by I5aeyer, Habu, and 
Meitner, but more intense sources of nidiation will be net’cssary to 
map accurately the weaker lines. 

y Rays. 

The earlier experiments on the y rays were mainly confined to 
a determination of the absorption of the more i^eiictrnting radiations 
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by different kinds of matter. It was early observed, however, that 
some of the radiations appeared to be complex. This was shown by 
anomalies in the initial part of the absoq)tion curve. In the mean- 
time, a notable advance in our knowledge of X-rays had been made 
by the work of Barkla. He found that under (jertain conditions 
each element when boml)arded by X-rays of suitable penetrating 
power gave rise to a strong radiation which was characteristic for 
that element, e.g.^ the lighter elements from aliiininium to silver 
emitted characteristic radiations called tlic “ K ” series, which 
increased rapidly in penetrating power with the atomic weight of 
the radiator. It w’as found that the heavier elements emitted in 
addition another (diaracteristic radiation of softer type, which was 
called the “ L ” series. These results showed clearly that there must 
be definite structures within tlie atom which gave rise to a definite 
radiation under suitable conditions of excitation. From these results 
it seemed probable that the y rays from radio-active matter must 
consist of tlic characteristic radiations ot these heavy elements, 
analogous in ty[)e to the corresponding radiations observed in 
Oldinary e]cnuo<M hen excited by X-rays or kathode rays. These 
<*oncliision8 w’ere confirmed by a st'ries of investigations made by 
llutlierford and Kicliardhon. The y rays weie analysed by means 
<'f their absorption by aluminium and b} lead, the disturbing effects 
of the primary fi rays lieing eliminated by means of a strong 
magnetic field. It was found, for example, that the y rays from 
radium B, when examined by their absorption in aluminium, consisted 
of at least two ty}>eB, one easily absorbed, and the other eighty times 
more penetrating. By further observations of the absorption of tlie 
y rays by lead, Bichardson found tliat the rays from radium B 
could be divided into at Icuj-t four definite types, each of which was 
absorbed cx])()nentially by lead. Similar results were obtained for 
all the radio active elements wbicli emitted 7 rays. In some cases 
the soft y rays, e.g., those from radium B, cories])ondc(l to the 
characteristic radiation of thc“Ii'’ series, and othcis to the “ K ” 
series. The general results, liowcver, indicated that se''eral addi- 
tional series of characteristic radiations are present in some cases. 
It was clear from these exjieriments tliat the y rays corresponded to 
the natural modes of vibration of the inner structure of the ladio- 
active atoms. In the meantime the experiments of \V. H. Bragg 
and W. L. Bragg, and of Moseley and Danvin, had shown that the 
characteristic X-radiations of the elements gave definite and well- 
marked line spectra. These sjicctia were simply determined by 
refiecting the rays from crystals. If this were the e4ise, it seemed 
probable that the v rays from the radio-active atoms would also give 
line spectra, and tlius allow the natural freipiencics of vibration of 
these atoms to be determined. During the past year, a numlier of 
experiments have been made to test this jxiiiit by Rutherford and 
Andrade, using radium R and radium C as the source of y radiation. 
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As was anticipated, it was found that the y rays from radium B 
and radium C gave well-marked line spectra. The general method 
employed was to use an a-ray tube containing a large quantity of 
emanation as a source of radiation. The y rays were reflected from 
a crystal of rock-salt, and the position of the spectrum lines deter- 
mined photographically. Usually twenty-four hours were necessary 
to obtain a marked photographic effect. Special difficulties arose in 
these experiments which are absent in an investigation of a similar 
kind with X-rays. In addition to y rays, the radio-active matter 
emits very penetrating rays which liave a strong photographic 
action ; while the y rays in their passage through matter themselves 
give rise^ to high-speed ^ rays. The disturbing effect of these 
radiations has to be eliminated by placing the whole apparatus 
between the poles of a powerful electromagnet. In this way it was 
found that the spectrum of radium B consisted of a large number 
of lines, of which the most intense were deflected at angles of 1® 46', 
10®, and 12®. The more penetrating radiation from radium C gave 
a strong line of 1® and a fainter line at 43'. The strong lines at 
10® and 12® are due to easily absorbed y rays, and undoubtedly 
correspond to the “L” radiation of radium B. The line at 1° 
corresponds to a very penetrating radiation which has a wave-length 
less than one-tenth of an Angstrom unit. The penetrating y rays from 
radium C have by far the shortest wave-length so far observed. It 
does not seem probable tliat such short waves can be produced 
artificially in an X-ray tube unless possibly an exceedingly high 
voltage be applied. 

There is one inUTesting result of these investigationa that should 
be mentioned. The two strong lines of the radium sixjctrum 
deflected at 10® and J2'" were found to correspond exactly in position 
to the X-ray spectrum of lead. These ex|)eriment8 thus confirmed 
the view based on chemical evidence that radium B and lead were 
isotopic, they were elements of practically identical chemical 
and physical properties, although their atomic weight differed by 
seven units. 


Connection betw^een ^ and y Rays. 

Before considering in detail the difficult problem of the connection 
betw'een and y rays, it is desirable to summarise the main facts 
that have been established 4n regard to the relations betweeu kathode 
rays and X-rays : — 

(!) A small part of the energy of kathode rays falling on a 
radiator is converted into X-rays, the average fre(|uency of the latter 
increasing with the velocity of the kathode particle. 

(2) A-rays in passing through matter give rise to a radiation. 
The initial energy of the escape of the electrons increases with the 
frequency, and is probably proportional to it. 
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(3) Electrons or X-rays of appropriate energy are equally able 
to excite the characteristic radiations in an atom. 

The results which have been shown to hold for the X-rays hold 
equally for the p and y rays, wdnch have much greater individual 
energies, e.g,^ Gray and Richardson have shown that the p rays from 
radio-active matter are aide to excite the characteristic radiations 
of the elements in a number of substances, while y rays in passing 
through matter give rise to high-speed electrons. It W’as long ago 
suggested by Bragg that P rays and X-rays are mutually convertible 
forms of energy, e,g.^ a p particle falling on matter may i)e converted 
into an X-ray of the same energy, and the latter in passing through 
matter may in turn be converted into an electron of identical energy. 
This assumes that the eneigy of an X-ray and an electron are 
mutually convertible, and the energy may appear under suitable 
conditions in either of the two foims. While the general evidence 
indicates that this point of view may hedd closely for the conversion 
of the energy of a single X-ray into that of a swift electron, it is 
very doubtful whether it holds for tin* converse case of the excitation 
of an X-rviy uj\ (dectron. We shall see later from exj^erirneiital 
e\idence that in general the energy of the electron lequired to 
excite an X-ray of definite frequency is always greater than the 
coi responding energy carried off in the form of an X-ray. 

It was early observed that there a])peared to he a clu>e connection 
l)etv^ecn the emission of p and y rays from radio-active matter. In 
all cases, the two tyi)es of radiation appeared together. A closer 
examination, however, showed that there were very marked differenees 
between the relative energies of the P and y rays from different 
radio-active elements. For oxnm])le, radium (' emits intense P rays 
and also intense y rays; on tlie other hand, radium E emits intense 
p rays over a wide range of velocity, but exceedingly weak y rays. 
Differences of a similar kind were observed amongst a mu d)^r of 
tlie radio-active elements. One sti iking distinction, bowe^ “L was 
to be noted. All the nidio-active substances which give a marked 
line spectrum of p rays also emitted intense y rays. On the other 
hand, a siihstiinee like radium E, which gave scarcely any y rays at 
all, gave a continuous spectrum of P rays in which no lines have so 
far been observed. It tlius appeared probable that the line spectrum 
of the P rays was intimately connected with the emission of y rays, 
and this conclusion has been completely established b\ recent 
experiments. As we have seen, y rays in passing through matter 
give rise to high-speed p rays. Using radium B and radium C as 
a source of y rays, the p radiation excited in a number of metals by 
tlie passage of y rays was analysed in a magnetic field by Messrs. 
Robinson and Ruwlinson and tlie writer, ai'»i was found to consist 
in part of definite groups of p rays. When lead was the absorbing 
material, the magnetic spectrum of the p rays excited by the y rays 
was found to be nearly identical with the primary ^-ray spectnim 
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of radium B. This striking result shows that those p rays escaping 
from the radio-active atom which give rise to a line spectrum must 
result from the conversion of y rays into p rays in the radio-active 
atom. The slight differences observed in the spectrum for different 
metals is probably connected with the ene:gy reqjuired to excite one 
of the characteristic radiations of the element used as absorber. 

An explanation of the marked differences in the character of the 
P and y radiation from different radio-active atoms am, I think, be 
given on the following lines. Some of the y rays are broken up in 
their escape from the atoms, and the energy of each converted y ray 
is transferred to an electron which escapes with a definite velocity 
dependent on the frequency of the y radiation. Taking into account 
a large collection of disintegrating atoms, each of the possible modes 
of characteristic vibration of the atom gives rise to an electron of 
definite speed. In this general way we may account for the line 
spectrum of the p rays whi(‘h is so commonly observed. On this 
view, we should expect to obtain a well-marked line spectrum of P 
rays when a substance emits strong y rays — a result in accord with 
observation. 

In order to account for the marked differences in the types and 
intensity of y rays from different radio-active substances, it seems 
necessary to suppose in addition that the ])rimary p particle always 
escapes from the nucleus in a fixed dir(‘(‘tion with regard to the 
structure of the atoms under consideration. For example, we have 
already pointed out tliat radium E, although it emits intense p rays 
which give a continuous spectrum over a wide range of velocity, 
emits very w’eak y rays. Since there can be no doubt tlwt tlu‘ p rays 
have sufficient speed to excite the characteristic niode-> of vibration 
which must be })reseut in the atom, we ar(‘ driven to the conclusion 
that the p particle escapes in such a direction that it does not 
pass through these vibrating centres. On this \iQ\y, the type ot 
characteristic y rays which are excited, and consequently also the 
corresj>onding speed of the p rays which arise from the converted y 
rays, wdll depend entirely on the direction of escape of the primary 
P {article. The definite direction of escape of the primary p j)articl(s 
which varies for atoms of different substances, also suffices to explain 
a number of other differences observed in the mode of release of 
energy from various radio-active atoms. It is supported by many 
other observations which indicate tliat the atoms of a piirticular 
radio-active substance break up in an identical fashion. 

We have so far considered only in a qualitative way tliQ relation 
between the groups of rays in a p-rdy spectrum and the enjission of 
characteristic y rays. During the last few years there hajs been a 
growing lx)dy of evidence that the energy E carried off in in X-ray 
of frequency v is proportional to this frequency, and is given by 
B = he where h is Planck’s fundamental consttint. If the whole of 
the energy of an X-ray can be given directly to an electron, the 
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enerj^y commiiiiicated to the latter should be hv. There is no doubt 
that in many cases this simple relation holds very approximately, but 
the measurements so far available arc not sufficiently precise to'settle 
definitely whether a part Of the energy may not appear in another form. 

Assuming that the transfer of the energy from an X-ray to an 
electron is complete, we should expect to find groups of /? rays of 
energy corresponding to hv where v is the frequency of the y rays 
found experimentally. Such a relation is found to hold within the 
limit of experimental error for three marked groups of low-velocity 
P rays emitted from radium B. On the other hand, it is found that 
many of the higli velocity groups of rays both from radium B and 
radium 0 have energies many times greater than correspond to any 
observed frequency. Not the slightest cvid(mce, however, has been 
o])tained that the corresponding high freipieiicies of vibration exist in 
the radio-active atom ; in fact, all the evidence points to the fact 
that these higli-s)K‘ed electrons arise from one or more of the observed 
freqnenci(‘S in the y-ray specirnm. 

In order to account for such results, it seems necessary to su})pose 
that the y po k of liigh frequency are not necessarily emitted as single 
pulses, hut consist of a train of [)iils(s either produced simultaneously 
or following one another at very short intervals. Ea(*h of these 
pulses lias an energy hv corresponding to the fre(|uency v, hut the 
totiil energy in the train of ^^a\(s is pliv \Nliere p is a whole nuinher, 
which may have possililo integral values 0, 1, 2, Jl, . . . etc., 
depending on the structure of the atom and the conditions of excita- 
tion. The penetrating power of such a tiain of waves corresponds 
to that of a single wave of fre^piency e, lint on passing through 
matter the energy of the whole train of p \\a\es occasionally may 
be transferred to an electron wliich consc(|uentlN is expelled with an 
energy ;;///’. There is very strong c\idence of the general eorrect- 
ncss of this point of view, for most of the stronger lines in the ^-ray 
spectrum (T radium V have energies which C(»rre8pond to an nifc(]ral 
multiple of the energy corre.sponding to tlie strong lines actually 
observed in the y-ray spectrum. It seems })roba))lc that iindcr the 
ordinary conditions of excitation by kathode raNS in a vacuum tube, 
the X-ray contains only one pulse or waves but under the far more 
powerful stimulus of the very swUtp ])article esciijiing from the atom, 
a long train of waves, each of tlie same fre(]uency, is produced. The 
energy of the whole train of wav(‘s may under suiUiblc conditions be 
given to an electron, whicli consequently has a speed very much 
greater than that imprC'SCil upon it by a single wave of the same 
frc(]uency. 

Limit to thk Fhequkncy of Vibuati n of the Atom. 

There is one question of fundamental importance which arises in 
considering the modes of vibration of the atom, viz. whether there 
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is a definite limit to the frequency of the radiation which can be 
excited in a given atom. Theory does not provide us with an answer 
to this problem, since little is known about the conditions of excita- 
tion, nor eveb of the nature of such high-frequency vibrations. A 
study of the frequency of the y rays from radio-active substances is 
of great importance, as it throws much light on this problem. 

As we have seen, the energy ot the P particle escaping from the 
nucleus of radium C is equivalent to that acquired by an electron 
moving in an exhausted space under a potential difference of several 
million volts. This liigh-si)eed electron ixisses through the electronic 
distribution in its escape from the atom. Notwithstanding such 
ideal conditions for the excitation of high-frequency radiations of 
the atom, the highest frequency in the radiation emitted by radium 
C is only about twice that obtainable from an ordinary hard X-ray 
tube excited by 100,000 volts. It thus appears probable that there 
is a definite limit to the frequency of the radiation obtainable from 
a given atom, however high the speed of the disturbing electron. 
This limiting frequency is determined not by the speed of the electron 
but by the actual structure of the atom. Since the y radiation from 
radium C gives a line spectrum, it would appear that the highest fre- 
quency obtainable is due to a definite system of electrons \\ Inch is set 
into characteristic vibration by the escape of a p particle. In order to 
throw farther light on this point, Prof. Barnes, Mr. H. Richardson 
and myself have i^ecently made experiments to determine the maxi- 
mum frequency obtainable from an X-ray tube for different constant 
voltages. The Coolidge tube, which has recently been put on the 
market, is ideal for this purpose, as it provides powerfiJT radiation at 
any desired voltage. The anti-kathode is of tungsten of atomic 
weight 184, so that* we are dealing in this case with the possible 
mode.s-of vibration of a heavy atom. The maximum frequency of 
the radiation was deduced by measuring the absorption by aluminium 
of the most penetrating rays emitted at different voltages. Tiie 
absorption of X-rays of different frequencies by aluminium has been 
examined over a very wdde range, and can l)e expressed by simple 
formula. It was found that for 20,000 volts the frequency of the 
radiation was slightly lower than that to be expected if Planck’js 
relation held. With increasing voltage there is a rapid depmture 
from Planck’s relation. The frequency reaches a maximum at 
about 145,000 volts, and no increase was observable up to the 
maximum voltage employed, viz. 175,000 volts. The experiments 
thus show that the frequency of radiation reaches a definite tinaxiinum. 
which is no doubt dependent on the atomic weight of the particular 
radiator employed. It is of interest to note that the Imaximum 
penetrating power of the X-rays from the Coolidge tube in iluminium 
IB about the same as the y rays from radium B, but is about three- 
tenths of the y rays from radium G. There is evidence which suggests 
that the very penetrating y rays from radium C correspond to the octave 
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of the “ K ” characteristic radiation of that element. If this be the 
case, it may jjrove possible that a still more penetrating radiation 
might be obtained from tungsten, but in order to excite it a voltage 
of the order of a million volts would probably be required. In any 
case, it seems clear that Planck’s relation does not hold for excitation 
of high frequencies by swift electrons, but may hold very approxi- 
mately for lower frequencies corresponding to the radiation excited 
by a few liuiidrcds or thousands of volts. On the other hand, the 
evideiK'o obtained from a study of th(‘ jS rays excited by X-rays or 
y rays certainly indicates that llie relation E ^phv holds at any rate 
very approximately for the highest frequency examined. It is thus 
obvious that the emission of (3 and y rays from the radio-active 
atoms is clearly connected with the general theory of radiation, and 
it seems likely that a close study of tliese radiations will throw' much 
light on the mechanism of radiation in general. 

There can be little doubt tliat tbe pem^traling y rays from active 
matter have tlieir origin in the vibmtion of eh^tronic systems in the 
structure of the atom outside the nucleus. The nucleus itself, how- 
ever, must ,br . i leiitly disturbed by the expulsion of an a or 
piarticlo. If this leads to the emission of a y radiation, it must be 
of exceedingly high frequency, as the forces holding together the 
component parts of tlie nucleus must ])c exceedingly intense. AVe 
should anticij)ate that this radiation would be extraordinarily pene- 
trating, and difficult to detect by electrical irndhods. So far no 
experimental evidence has been ohiained of the existence of such 
veiy liigh-freqiiency radiations, but it may be necessary to devise 
special inetliods before we can hope to do so. 

[E. R.] 
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